7 HUMORAL CONTROL 


8 SENSATION 


9 NEURAL CONTROL 




NINTH EDITION 




SECTION EDITORS: 

General Physiological Processes 

Irving L. Schwartz, M.D. 

Digestion 

Nicholas C. Hightower, M.D., Ph.D 
Henry D. Janowitz, M.D. 

Circulation 

David K. Detweiler, V.M.D., D.Sc. 

Blood and Lymph 

Eugene P. Cronkite, M.D. 

The Excretion of Urine 

Robert W. Berliner, M.D. 

Respiration 

William B. Youmans, M.D., Ph.D. 
Arthur A. Siebens, M.D. 

Endocrine Control Systems 
Howard E. Morgan, M.D. 

Sensation 

John Lott Brown, Ph.D. 

Neural Control Systems 

John R. Brobeck, Ph.D., M.D. 




JOHN R. BROBECK, Ph.D., M.D., Editor 

Herbert C. l^orer Professor 
. m the Medical, Sciences, School 
" (H Medicine, University of Pennsylvania, 

Philadelphia, Pennsylvania 


THE WILLIAMS & WILKINS COMPANY-BALTIMOREH 




Copyright © 1973 

The Williams & Wilkins Company 


All nghts reserved This book is protected bv copyright No part ol th^ hook nun lx lop/o 
duced in any form or by any means including phot ocopv mg oi utih/cdln am intoniutiun 
storage and retrieval system without written permission oi the (.op\ right owiui 


Made m the United States ot America 


First Edition— 1937 

Subsequent Editions— 1939, 1943, 1945, 1950, 1955, 1961, 1%6 
Ninth Edition— 1973 

Spanish Editions 1939, 1941, 1943, 1947, 1954 

Portugese Editions 1940, 1945 

Italian Edition 1959 

Polish Edition 1960 

Rumanian Edition 1966 

Indian Edition 1967 

Asian Edition 1967 


Library of Congress Catalog Card Number 72-85159 
SEN 683-10160-3 


Reprinted in 1973 
Reprinted in 1974 


Composed and printed at Waverly Press, Inc 
Baltimore, MD 21202 USA 



PREFACE 


TO FIRST EDITION 

Physiology is a science m its own right and the laboratory worker who pursues 
his researches quite detached from medical problems need offer no apology for 
his academic outlook Indeed some of the most valuable contributions to medi- 
cal science have been the outcome of laboratory studies whose applications 
could not have been foreseen Neveitheless, we feel that the teacher of physi- 
ology m a medical school owes it to his students, whose ultimate interest it 
must be conceded is m the diagnosis and treatment of disease, to emphasize 
those aspects of the subject which will throw light upon disorders of function 
The physiologist can in this way play a part in giving the student and prac- 
titioner a vantage point from which he may gam a rational view of pathological 
processes 

We have endeavored to write a book which will serve to link the laboratory and 
the clinic , and which will therefore promote continuity of physiological teaching 
throughout the pre-chnical and clinical years of the under-graduate course It is 
hoped that when the principles underlying diseased states are pointed out to 
the medical student, and he is shown how a knowledge of such principles aids 
in the interpretation of symptoms or in directing treatment, he will take a 
keener interest in physiological studies When such studies are restricted to 
the classical aspects of the subject, apparently remote from clinical applica- 
tion, the student is likely to regard them only as a task which his teachers in 
their inscrutable wisdom have condemned him to perform Too often he gams 
the idea, from such a course, that physiology is of very limited utility and comes 
to believe that, having once passed into the clinical years, most of what he has 
“crammed” for examination purposes may be forgotten without detriment to his 
moie purely medical studies Unfortunately, he does not always realize at this 
stage in his education how great has been the part which physiological dis- 
coveries have played in the progress of medicine, and that the practice of today 
has evolved from the “theories” of yesterday 

Many physiological problems can be approached only through animal experi- 
mentation Advances m many fields, most notably m those of carbohydrate 
metabolism, nutrition, and endocrinology, bear witness to the fertility of this 
method of research On the other hand, many problems can be elucidated only 
by observations upon man, and physiology has gamed much from clinical re- 
search The normal human subject as an experimental animal possesses unique 
advantages for many types of investigation, and m disease, nature produces 
abnormalities of structure and function which the physiological laboratory can 
imitate only m the crudest way Within recent years the clinical physiologist, 
fully realizing these advantages and the opportunities afforded by the hospital 
wards, has contributed very largely to physiological knowledge In many in- 
stances, clinical research has not only revealed the true nature of the under- 
lying process m disease, but has cast a light into some dark corner of physiology 
as well, several examples of clinical investigation which have pointed the way 
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PREFACE 


to the physiologist could be cited In the last centur\ knouledue ol the pim- 
esses of disease was sought mainly in studies of nioibid anatann . hiocheinistu 
was m its infancy and many of the procedures now cominonK employ'd loi the 
investigation of the human subject had not been devised I’odav the student 
of scientific medicine is directing his attention moie and moie to the suulv of 
morbid physiology m his efforts to solve clinical pioblems I'his newei outlook 
has borne fruit in many fields It has had the beneficent lesult of duiwing the 
clinic and the physiological and biochemical laboratones onto common umund 
from which it has often been possible to launch a joint attai k upon disease We 
feel that this modern trend in the field of research should be retlected in the 
teaching of medical students, and have therefore given gieatei luoimnetue to 
clinical aspects of the subject than is usual in physiological texts 

In order to understand the function ol an organ it is usualK essential luive a 
knowledge of its structure For this reason we have followed the* jikin ol pieiecl- 
ing the account of the physiology of a part by a short desc rijit ion of its morjihol- 
ogy and, in many instances, of its neive and blood sujijilx 'Fhe aiihitei tuie .ind 
functions of the central nervous system aie so intimatelv i elated th.it some 
space has been devoted to a description of the more iinjiortant lihei touts and 
grey masses of the cerebrum, cerebellum and spinal cord 
We wish to thank our colleagues in physiology, biocheniisf i \ and anatomv 
whom we have diawn upon on so many occasions foi infoimation and advue 
without their generous help the undertaking would h<ive been an almost ini 
possible one We are also deeply grateful tor the unstinted assistance whu h we 
have received from our friends on the clinical staff, several ol whom have lead 
parts of the text in manuscript or in proof 

C H B 

October 15, 1936 N B 1’ 


TO NINTH EDITION 

We agree In preparing this Ninth Edition we have tried to preseive .ill of tin* 
virtues of earlier editions, and to follow the principles set down bv the original 
authors We have attempted particularly to meet the needs of studemts in 
physiology courses in professional schools— medicine, dentistry and vetennarv 
medicine — by offering a volume that is comprehensive but not encvclojiedic, 
and that surveys physiological mechanisms related to problems encountCTcul 
in clinical practice 

Nevertheless, the book has an appearance somewhat different from before 
The figures are all new and, we trust, more informative Furthermoie, the nine 
sections have been manufactured independently so that they can be revised 
more easily, and so that they can be published separately as reprints from the 
complete volume The edge markers serve as guides to section location, and 
take the place of a continuous pagination 

We wish to thank the editors and the staff of The Williams and Wilkins 
Company for their counsel and cooperation m this effort to present a textbook 
that IS both attractive and easy for readers to use 


August 1, 1972 


For the Editors 

J RB 
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\ / BY WAY OF INTRODUCTION— THE 
CELL 


A inulticeilular organism is a society of cells 
whicli like the units of any society, manifest 
di\ision of labor, specialization, and mutual 
interaction according to a set of rules and cen- 
tralized ('ontrols Consider the levels of organi- 
zation of the human organism Atoms are com- 
bined in different wavs to yield monomers 
bunino iicids, nucleotides, sugars) which are the 
budding blo(‘ks of biological polymers (proteins, 
nucleic' <u‘ids, polysaccharides) These macro- 
moh'cules are combined with smaller molecules 
to fonn nrmnelles (subcellular units with dis- 
tinctive function and morphology), which m 
turn <ir(‘ combined to form ceils The study of 
marnniahan physiology involves the dynamic 
interrelationships among cells, tissues, and or- 
g<ins and reaches ultimately to the level of the 
organism as a whole In this chapter we will 
consider the structure and function of the or- 
gmnelies which comprise the cell One group of 
organelles is bounded bv a limiting membrane, 
a second group is not so delimited The former 
group encompasses the nucleus, endoplasmic 
ndumlum, (*olgi apparatus, lysosome, peroxi- 
some, and mitochondnon—and m this category 
wc* also include the plasma (outer) membrane 
of the cell as a whole llie group of organelles 
that are not bounded by a membrane includes 
the chromosomes, nucleoli, microtubules, mi- 
crofilaments, and centnoles 
Although there was some knowledge of the 
cel! boundary and subcellular organelles prior 
to the advent of the electron microscope, the 
complicated ultrastructure of intracellular 
membrane systems was unforeseen (Fig 1 1) 
The following two membrane properties are 
particularly significant m accounting for differ- 
ences of function among the various mem- 
brane-delimited subcellular organelles i) the 
property of selective permeability which estab- 
lishes and maintains compartments of specific 
character within the cell, and 2) the ability to 
provide a matrix which lends its surface as well 


as its interior for the arrangement of an or- 
dered sequence of molecules (enzymes, cofac- 
tors, carriers) in a functionally meanmgfiil pat- 
tern 

Cel! Membrane 

The cell membrane is a permeability barrier 
If a cell is placed m hypotonic solution and if it 
contains molecules which cannot penetrate its 
outer membrane, it will swell, conversely it will 
shrink if placed m a hypertonic medium In 
both instances water moves down its concentra- 
tion gradient (chap 2) Thus, the cell behaves as 
an osmometer Nonpolar molecules (gases, lip- 
ids) move freely across the membrane, polar 
molecules penetrate the membrane much less 
readily and indeed it is the selective permea- 
bility of the plasma membrane to certain ions 
which determine the excitability characteristics 
of nerve and muscle cells 

COMPOSITION OF THE CELL MEMBRANE 

Although the general chemical nature of the 
membrane found at the cell boundary was pre- 
dicted on the basis of physiological data, the 
detailed molecular structure of the membrane 
IS not yet known Models of cell membranes 
prepared by combining their lipid and protein 
constituents (partly known from chemical anal- 
ysis of purified cell membrane preparations) 
exhibit some physiological characteristics sim- 
ilar to those of natural membranes The role of 
lipid-hpid interactions m membrane structure 
has been at the center of attention because such 
interactions can explain much of the presently 
known phenomena of membrane transport 
Quantitative studies of isolated cell membranes 
revealed that enough lipid is present to be ar- 
ranged as a bdayer coating the cell Artificial 
mixtures of extracted cellular polar lipids (leci- 
thin, phospholipid, and steroids) under appro- 
priate conditions will form a biomolecular layer 

1-1 



1-2 


3 L D C S r P L 


Sect/on 7 


n o t - 



Fig 1 1 Schematic diagram of a cell and its organelles drawn to reveal their three dimensional structure -4\/, 
autophagic vacuole C centriole CH chloroplast Cf, cilium CR chromatin DV digestion vacuole F microfiluments 
G glycogen GA Golgi apparatus, JC junctional complex LD lipid droplet M mitochondrion MT microtubules 
MV microvillus N nucleus NU nucleolus P peroxisome PL primary lysosome, PM\ plasma membrane PV 
pinocytosis vesicle R ribosomes and polysomes RB residual body, RER rough endoplasmic reticulum SER 
smooth endoplasmic reticulum SV secretion vacuole The organelles have been drawn only roughly to scale Also 
the sizes and relative amounts of different organelles can vary considerably from one cell type to another For example 
only plant cells show chloroplasts and among animal cells only a few types show peroxisomes 58 000) (From 
Novikoff and Holtzman 1970) 


spontaneously Presumably the polar (hydro- 
philic) ends of the lipids form the two outer 
borders making them available for interaction 
with other polar molecules such as proteins 
(Fig 12) On a weight basis membranes con- 
tain a significantly larger amount of protein 
than lipid (ratio up to 4 1) , however, due to the 
high molecular weight of proteins, this relation- 


ship is reversed on a molar basis (protein' hpid 
ranging from 1 to 10 '100) At least some of the 
protein must be present m a globular rather 
than extended form, unfolding of enzymic pro- 
tein results m loss of activity In fact, some of 
the proteins are probably not restricted to the 
surfaces of the plasma membranes but rather 
extend into the bimolecular hpid layer 
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In addition to lipid and protein, carbohy- 
drate appears to be associated with the cell 
membrane as Iipopolysaccharide and as pro- 
teiivpoKvuchande The carbohydrate moieties 
ot tlie membrane ser\^e to modify the electrical 
charge at its surface and provide specific sur- 
tai e-bindinj^ sites Cvtochemically demon- 
strable poK saccharide and protein is associated 
v\ith main tell surfaces as an extracellular 
la\er In some places, particularly at luminal 
surfaces this laver forms a fu7zy coat — often 
referrc‘d to as a glvcocalvx (Fig 1 3) — which 
ma\ ac't as a crude filter and/or facilitate the 
attachment of molecules for endocytic (see be- 
low) transpoit across the cell membrane 

STRUCTURE OF UNIT MEMBRANE 

A pattern generallv found in almost all cel- 
lular membranes prepared for microscopy by 
(on\ entionai techmciues consists ot three layers, 


two electron- dense layers on either side of a 
single electron-lucent layer (Fig 13 and 1 4) 
This IS termed a unit membrane Electron 
microscopic examination of osmium tetroxide- 
fixed, sectioned tissue shows the cell mem- 
brane to be 70 to 100 A wide The electron- 
lucent line in the unit membrane is thought to 
represent the lipid layer Hydrophobic bonding 
in the lipid bilayer region may make it inac- 
cessible to osmium deposition Thus, the two 
electron-dense lines would result from deposi- 
tion of osmium at the surfaces of this bilayer 
There is much physiological evidence to sug- 
gest that the lipid bilayer is interrupted by 
hydrophilic molecules (Fig 1 2A) which connect 
the two outer surfaces of the membrane and 
provide transmembrane channels (a few A m 
width) for transfers of water molecules and 
ions (chap 2) 

Evidence for the unit membrane structure 
has been provided by x-ray diffraction patterns 


4 




Proftin Hypothetical Hydrophilic Hydrophobic 

mal6cyle$ pore CYTOPLASM portion of a portions of 

lipid molecule nppj rnolecules 


8 , 


Lipid Protein 




Fif 1.2 Diannm of various models of the cell membrane A represents the classic biomolecular lipid leaflet 
coated by protem note inclusion of a hypothetical hydrophilic pore B represents a less ordered protein component 
found within the lipid bilayer C represents a mosaic of subunits each made up of lipid bilayers with protein or other 
hydrophilic moltcuits forming the borders All of these forms of the membrane (and others) could be present simul 
laneously and in diffeient proportions under different conditions (From Novikoff and Holtzman, 1970 ) 
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of the myelm sheath This membrane-derived 
structure lends itself well to x-rav studies be- 
cause of its lellv roll nature (Fig 1 4) which 
gives rise to a highly ordered and repetitive 
form Indeed, the myelm diffraction pattern 
can be explained on the basis of repeating bi- 
layers of lipids m the cell membrane 

Additional structural information comes from 
unfixed membranes studied by the freeze-etch 
technique This technique involves the quick 
freezing and sublimation of unfixed mem- 
branes Membranes so treated tend to fracture 
along the middle layer of the unit membrane as 
would be expected from a bimolecular hpid 
leaflet Moreover, repeating structures are vis- 
ible at various intervals within the layer, these 
structures may represent proteins that extend 


through much of the thickness of the mem- 
brane 

STRUCTURAL ASPECTS OF TRANSPORT 
ACROSS THE MEMBRANE 

Although the phvsiofogv oi the movement of 
molecules across memhnines is dealt with in 
Chapter 2, we will here indicate a few^ selected 
examples of transport phenomcma correlated 
with structural features of the c‘eli membrane 
The lipid bilayer serves as a transpoit medium 
for lipid-soluble molecules to gam cmtrv into 
the cell, whereas, protein-lmed hvdrophilic 
“pores” probably provide channels for diffusion 
of polar entities such as water and ions Spe- 
cialized membrane-hound protcuns s(‘em to he 
involved in enzymatuvillv controllcvl transport 



micrograph of portions of epithelial cells (E) bordering the lumen (L) of the toad 
bladder The unit membrane structure of two cell membranes is seen between the arrows In the tight lunc 

the two cell membranes appear to have fused so that three ratf 
tour dense lines are seen The fuzz in the lumen is associated with the cell surface (see text) (x 68 000) 
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Ftg 1 4 electron mtcrograph of cross section of axon surrounded by the Schwann cell including the myelin sheath 
fhe unit membrane of the axon and the inner and outer mesaxon can be seen surrounding the axon At the arrow 
marked x, the cytoplasrrnc surfaces of the two Schwann cell membranes come together to form the denser line and 
at the arrow marked y, the outer surfaces of the two membranes of the outer mesaxon come together to form the 
thinner line I Potassium permanganate fixation, ^ 193 000) (Robertson from Fawcett 1966) 

procmes. For example a particular type of variety of ^‘permeases” are involved in the mi- 
adenosine triphosphatase (ATPase) is involved tiation of transmembrane sugar transport, and 
m the active transport ol Na ^ and K ions, a adenylcyclase, a membrane-bound enz5nne that 
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converts adenosine triphosphate (ATP) to ,V-5'- 
cvclic adenosine monophosphate (AMP), serves 
to mediate the actions of several hormones 
which attach to “receptor sites” on the surface 
ot their target cells 

STRUCTURAL ASPECTS OF TRANSPORT 
OF THE MEMBRANE 

Membrane components are sub)ect to (on- 
tinual turnover In certain cell tvpes, portions 
of the membrane invaginate into the cell and 
pinch off to form the boundarv of an intracel- 
lular vesicle, vacuole, or tubule External mate- 
rial IS carried into the cell by this process, re- 
ferred to as endocvtosis (Fig I 1, see also chap 
2) This material and its enclosing membrane 
generally fuses with Ivsosomes (see below) 
Exocytosis, on the other hand, involves the fu- 
sion of membranes of intracellular origin, such 
as those delimiting secretory granules, with the 
cell membrane These granules release their 
internal material to the outside of the cell As a 
result there is a flow of membrane and of mate- 
rial enclosed m membrane-delimited spaces 
between the surface and intracellular compart- 
ments Similar exchanges seem to occur be- 
tween certain intracellular organelles, notably 
the endoplasmic reticulum and the Golgi appa- 
ratus 

STRUCTURAL ASPECTS OF INCREASING 
THE CELL SURFACE 

Stable evaginations and invaginations of the 
cell membrane are important elements m pro- 
viding a dramatic increase m surface area con- 
tact between cell and environment Microvilli, 
finger -like evaginations, are generally asso- 
ciated with cell surfaces involved m absorption 
processes such as in the intestine and kidney 
Conversely, in striated muscle, one finds an 
invagination of the cell membrane, the trans- 
verse tubule, associated with each sarcomere 
Since the transverse tubules are continuous 
with the surface membrane they provide a di- 
rect route for the communication of alterations 
at the cell surface to the contractile system 
deep withm the muscle fiber (chap 4) 

Th® Nycleys 

FUNCTION OF NUCLEUS 

The nucleus has two principal functions rep- 
lication of deoxyribonucleic acid (DNA) and 


s\nthesis of nbosomal messenger and transfer 
nbonudeit acid (KNAs) Because it is best 
understood, we shall discuss m some detail n- 
bosomal ENA svnthesis which occurs in the 

niK leolus 

Flach nucleus possesses one or moie nuiU'oli 
not delimited b\ membianes Each nucleolus 
consists of a roughh spheric al, dense arra\ of 
fibrils and granules rich in RNA Oftcui the 
nucleolus is lound in intimate association with 
special regions of DNA (known as niicleoLii 
organi/er regions) which are pu^sumed to carr\ 
the information for rihosornal RSA (rHNAl 
Nucleolar RNA (458 predonnnantK) is almost 
certainh a precursor form of nbosomal RNA 
found in the cytoplasm if ont‘ “Lihc4s” RNA 
svnthesi/ed in the nucleolus with radio,uti\e 
nucleotides, labeled RNA molecules are subse 
quentlv detected in the t\toplasm These RNA 
molecules (18S and 28S) complex with protein 
and form, respectively, a lOS and <i bOS sub 
unit One small and one large subunit comhiiu* 
to form a ribosome (80S) 150 to 250/1 in dmm 
eter There may he several milhon ribosomes 
m a given cell 

The specific function of nbosomal RNA is 
not well-understood, generallv speaking how 
ever, all three types of RNA are involved in the 
translation of genet i(‘ information c’ontained in 
the DNA molecule into specific proteins, s\n- 
thesized m the cytoplasm (chap 7) ribo- 
somes interact m the process of protein svn- 
thesis with two other types of RNA large mes- 
senger RNA molecules (raENAs) determine the 
sequence of ammo acids m proteins bv speca 
fymg the order of attachment of the small 
transfer-RNAs carrying the appropriate ammo 
acids Our belief that DNA is the template for 
these RNAs is derived largely from expenmimts 
with procaryotic (bacterial) cells 

As the information m a messenger RNA 
molecule (mRNA) is being “read/' several ribo- 
somes attach via their smaller subunits to the 
mRNA The combination of an mRNA and its 
attached ribosomes is referred to as a palwHome, 
The nascent peptide seems to be attached to 
the larger nbosomal subunit (608), completed 
protein is released to the cytoplasm (cRap 7) 

MORPHOLOGY OF THE NUCLEUS 

The interphase nucleus is readily seen m the 
light microscope as a spheroidal body with a 
“suggestion” of internal organization (Fig. 1 1) 
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The DNA containing material can be specifi- 
caiK stained The nuclear chromatin can be 
resoiced into two t\pes euchromatin (loosely 
(Oiled) and heterochromatin (compact) It 
seems likeK that the euchromatic regions are 
more active in the transcription process than 
the heterochromatic regions, i e , there is little 
demonstrable RNA synthesis in chromosomes 
that are largely or entirely composed of hetero- 
chromatm as m the case of sperm cells, poly- 
morphonuclear leukocytes and the Barr body 
(one ot the X chromosomes of female cells) 
I'he association ol euchromatin with active 
transcription may account tor some of the selec- 
tive genetic expression associated with charac- 
teristu' chromosomal uncoiling patterns found 
m ditterent tissues within the same organism or 
at ditterent developmental stages m the same 
tissue 

Chemical analysis has shown that the chro- 
mosome consists of DNA associated with basic 
proteins (histones) and with other (nonhistone) 
protein It has been speculated that the com- 
plexing ot histone with DNA may have a pro- 
tec tive or structural tunction (preventing altera- 
tion or denaturation of the DNA, controlling 
coding, etc ) or the histone mav have a re- 
pressor function (mtertenng with the template 
acti%it\ ot DNA) 

Isolated chromosomevS studied bv electron 
microscopy appear as masses of fibers around 
250 A in diameter, but the arc'hitecture of these 
fibers IS not known An mdaidual DNA double 
helix cxiated with protein measures less than 50 
A and while it is known that the fibers of chro- 
mosomes are coded, the nature of the pack- 
aging ot nucleic acid and proteins is yet to be 
described. Nevertheless, there are theories 
(^insistent with current evidence, suggesting 
that a single chromosome contains one, or at 
most a very few, extremely elongated DNA 
molecules complexed with protein and coiled 
into a fiber structure which is seen m the elec- 
tron microscope. 

Intracellular Mornbrane Systems 

THE NUCLEAR ENVELOPE 

The boundary of the nucleus, the nuclear 
envelope, is a double membrane complex (Pig 
1 5) Each membrane is approximately 70 to 80 
A thick The envelope, a flattened sac with an 
enclosed perinuclear space, resembles the rough 
endoplasmic reticulum (ER) (see below) 1 ) the 


cytoplasmic surface of the outer (cytoplasmic) 
nuclear membrane has granules which appear 
to be ribosomes, 2 ) direct continuities are seen 
between the cytoplasmic portion of the nuclear 
membrane and the ER (Fig 1 5), and 5) the 
presence of certain enzymes can be demon- 
strated cytochemically m both the perinuclear 
space and the cisternae of the ER 

The inner surface of the nuclear membrane is 
often associated with chromatin and an ‘hn- 
ternal dense lamella,” the latter may provide 
some rigidity to the structure The inner and 
outer membranes of the envelope join at inter- 
vals to form “pores” several hundred A in di- 
ameter (Fig 1 5) 

How does a “directive” of the nucleus reach 
the cytoplasm or, conversely, how do cyto- 
plasmic and other external feedback messages 
reach the nucleus'^ Non-nuclear substances can 
act as inducers or repressors (chap 8) of the 
synthesis of specific proteins in the cytoplasm 
This almost certainly requires interaction with 
genes Furthermore, most gene products (eg, 
mRNA) must leave the nucleus and enter the 
cytoplasm to express their effects Permeability 
properties of the nucleus are too complex to be 
explained by simple holes The morphology of 
the nuclear boundary provides for two alterna- 
tive routes for the transfer of information — eit- 
her across membranes of the perinuclear sac or 
through “pores ” The pores are often referred 
to as “annuli” to emphasize that they are not 
simple holes but rather organized regions often 
pores are seen which contain a diaphragm or 
plug In addition, the membrane adjacent to 
the pore may show morphological traces of spe- 
cial organization 

To date, the morphological evidence m sup- 
port of the physiological and biochemical data 
on transnuclear transport through pores rests 
mainly on a few observations, such as the 
movement of electron- dense material (thought 
to be RNA-contammg granules) through the 
nuclear pores in the insect salivary gland and 
some other tissues, and the movement of a 
marker (colloidal gold) into the nucleus when it 
IS injected into the cytoplasm of ameba Clear 
morphological evidence on passage of material 
across the nuclear membranes, as distinct from 
the pores, is not available 

THE ENDOPLASMIC RETICULUM 

Often an integrated biochemical and ultra- 
structural investigation (involving cell disrup- 
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tion, isolation, and analysis of a homogeneous 
organelle population) leads to the clearest un- 
derstanding of organelle function in sitii From 
such studies, m a variety of cell types, a frac- 
tion of membrane-delimited vesicles, refeired 
to as microsomes, is recovered The microsomes 
perform several functions including the provi- 
sion of a base for the attachment of ribosomes, 
the biosynthesis of lipids and, in the case ot 
striated muscle, the accumulation and release 
of calcium In the intact cell, microsomal vesi- 
cles are not found as such, rather one observes 
a tubular network known as the endoplasmic 
reticulum (ER) (Figs 1 1 and 15) It is as- 
sumed that the majority of microsomal vesicles 
represent a reproducible, preparative artifact 
arising during cell disruption bv the shearing 
into fragments and closing up of the tubules 
and sacs of the endoplasmic reticulum 
Rough ER. As noted above, the endoplasmic 
reticulum (and/or the microsomes derived from 
the ER) can provide a base for the attachment 
of ribosomes (Fig 1 6) Such ribosome-carrying 
endoplasmic reticulum is referred to as rough 
ER Microsomal vesicles derived from this 
rough ER were found to be capable of protein 
synthesis, the newly synthesized protein ap- 
pearing m the vesicle lumen In the rough ER 


in Mtu the nascent protein likewise can be 
demonstrated within the reticulum lumen 

The rough ER seems to grow b\ s\nthesi/ing 
more of itself The newiv nwde rough ER niav 
lose its ribosomes, and tlius become converted 
to smooth ER The rcdatice proportions of 
rough and smooth ER \ar\ within different 
cells for example, the rough EH is extensive in 
cells which specialize in svnthesi/ing protein tor 
export, while the smooth ER is {‘\tensive in 
steroid secreting cells 

Smooth ER. As noted above, the ER which 
lacks ribosomes is referred to as the smooth 
ER The membrane of the endopLisniic retic- 
ulum carries enzymes which aie imfxirtant in 
several biosynthetic pathwavs For example, the 
enzymes required for the synthesis of steroid 
are found in microsomal fractions of steroid- 
secreting cells Knzvmes involvcHi in tnglvc- 
ende synthesis as well as phospholipid svnthesis 
are also found in this fniction, the phospholipid 
sometimes appearing in the ER as small fat 
droplets In liver cells, important drug- de- 
grading enzymes are associated with the 
smooth ER Also, in the hepatocvtes the close 
spatial relationship of the smooth ER with gly- 
cogen, the major form of glucose, suggests that 
the smooth ER mav function in glvcmgen me- 



Fig 1 5 Electromicrograph of a portion of a serous cell of mouse salivary gland The rough ER {large arrow) of 
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Fig 1 6. Electron micrograph of a portion of a pancreatic cell showing the mitochondrial structures labeled in 
the dtagramatic representation in Figure 1 8 A parallel array of cisternae of rough ER is also evident 95 000 x 
{Porter, from Fawcett 1966 ) 


tabohsm* In mtisde, the smooth ER (sarco- 
plasmic reticulum) controls the local concentra- 
tion of calcium ions near the contractile ma- 
chinery and thereby influences the contraction 
and relaxation process (chap 4) 


THE GOLGI APPARATUS 

The Golgi apparatus is believed to be a site 
for the concentration of protein and polysac- 
charide* It IS also a site for completion of the 
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Fig 1 7 Diagram suggesting probable interrelations of some organelles m the transport of lysosomal hydrolases 
(gray) and the formation of lysosomes Illustrated are /) Fusion of primary lysosomes (Golgi vesicles) with phagocytic 
and pinocytic vesicles resulting in the formation of digestive vacuoles Some of the vesicles are coated (see 
text) 2) Movement of hydrolases within the RER and SER to the vicinity of the Golgi apparatus and to lysosomes 
Dense bodies (bodies containing electron dense grains and other material) and autophagic vacuoles are among the 
structures that may form from the ER or from closely interrelated components of the ER and Golgi apparatus 3] 
Formation of residual bodies by the accumulation of indigestible residues within lysosomes (From Novikoff and Holtz 
mann 1970) 

synthesis of the carbohydrate moiety of glyco- found in association with the ‘"bottom” sac- 

pxotem, e g , the synthesis of the carbohydrate cules 

moieties of thyroglobulin and immunoglobulin 

begins in the ER, but the terminal sugars are 

added in the Golgi apparatus These products LYSOSOMES 

are usually packaged as “granules” within Lysosomes have been found m virtually ail 
Golgi-denved vacuoles or vesicles which then animal cells which have been studied As or- 

migrate away from the Golgi apparatus ganelles they are best defined by biochemical 

The Golgi apparatus consists of a stack of and cytochemical criteria a lysosome is a 

several membranous saccules with associated membrane-delimited body containing demon- 
vacuoles and vesicles (Fig 17) The ER m strable acid-hydrolase activity Over 30 acid 

some cell types is assumed to contribute to the hydrolases are known to occur m the lysosomes, 

“forming face” or “top” of the Golgi apparatus these enzymes can digest essentially all macro- 

Withm the stacked membranes of the Golgi molecules* Material to be digested becomes 

apparatus materials are concentrated as they enclosed within lysosomal membranes permit- 

pass from the saccules on the “top” surface to tmg isolated, controlled degradation There are 

those forming the “bottom” surface of the ap- numerous findings suggesting that release of 

paratus (Fig 11) In exocrine and endocrine hydrolases from the lysosome into the cell may 

cells the mature secretory granules are generally be important m various pathological states, 
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many of these findings are yet to be fully evalu- 
ated 

Morphologically, the lysosomes are a motley 
group of subcellular bodies (Fig 1 7) Their 
appearance depends largely on the origin of the 
enclosed material which is destined for intra- 
cellular digestion by the lysosomal hydrolases 
In polymorphonuclear white blood cells Golgi- 
denved lysosomal granules fuse with phagocytic 
vacuoles formed as a result of endocytosis of 
foreign material Other lysosomes are auto- 
pha^it, these lysosomes contain bits of the cell’s 
own substance which have been separated 
along with the hydrolases from the rest of the 
cytoplasm within a membrane-delimited space 
Autophdgia, which may be enhanced by stress, 

IS hvpothesi/ed to be important for the turn- 
over of some cell constituents 

The degraded soluble products of lysosomal 
hydrolysis can either enter the anabolic pool to 
be reused in biosynthesis or to be secreted An 
example of the latter is the secretion of thyroid 
hormone thyroid colloid travels from the fol- 
licle lumen within endocytic vacuoles which 
then fuse with the lysosomes, the colloid is hy- 
drolysed and thyroxine is released It is also 
noteworthy that indigestible residues accumu- 
late within lysosomes, a phenomenon which 
accompanies the aging process in neural and 
{)ther cells 

PEROXISOMES 

The peroxisomes constitute another group of 
membrane-delimited bodies They are often 
associated with the ER from which they are 
thought to derive (see Fig I 1) They are con- 
cerned with the metabolism of peroxide perox- 
isomes contain enzymes which produce hy- 
drogen peroxide (such as amino acid oxidase 
and m some species, urate oxidase) and other 
enzymes which destroy hydrogen peroxide 
(such as catalase) Peroxisomes have, thus far, 
been found m only a few cell types, of which 
liver and kidney are among the best established* 
examples The function of peroxisomes is cur- 
rently under active investigation and there are 
hints that, in some species, they are involved in 
carbohydrate synthesis from fat and m the deg- 
radation of purines (chap 6) as well as in the 
detoxification of hydrogen peroxide 

MITOCHONDRIA 

The early cytologists noted that mitochondria 
were closely associated with motile processes 


and were situated m regions of intense meta- 
bolic activity such as sites of active transport 
Biochemists have since shown that two major 
metabolic pathways, the tricarboxylic acid cycle 
and the electron transport chain, are situated 
within the mitochondrion, thus, this organelle 
IS involved in the metabolism of lipids, ammo 
acids, and carbohydrates 
The “typical” mitochondrion (Fig 1 6) has a 
length of 5 to 10 pm and a diameter of 0 5 to 
1 0 pm It IS bounded externally by two lipopro- 
tein membranes (each about 70 A thick) the 
inner one of which is thrown into folds termed 
cristae or tubules (Figs 1 6 and 1 8) Within 
the inner membrane is a matrix containing 
granules, RNA and DNA, the latter is a small 
circular molecule and is thought to provide 
some, but not all, of the necessary information 
for replication of the mitochondria From phys- 
iological and biochemical evidence, it is gener- 
ally believed that the respiratory enzymes and 
the components of oxidative phosphorylation 
are associated m an ordered array on the inner 
membrane The order is thought to promote 
the sequential interaction of substrates and 
enzymes in these multienzyme systems with 
concomitant conservation of energy Therefore, 
much effort has been directed toward isolation 
of modular physiological units from inner 
membrane fractions The fact that multien- 
zyme assemblies can be obtained from mito- 
chondria has been encouraging Moreover, 
morphological studies support the multienzyme 
assembly hypothesis First, the respiratory ac- 
tivity of mitochondria is roughly proportional to 
the amount of inner membrane — a finding 
which could be explained by presuming an in- 
creased number of repeating units or respira- 
tory assemblies associated with the increased 
membrane area Second, a repetitive array of 
particles found in certain preparations suggests 
a similarly repetitive assemblage of inner 
membrane enzyme systems These regularly 
spaced particles are found to be attached by 
small stalks to the inner membrane of isolated 
mitochondria, unfixed and negatively stained 
(in negative staining the surface details of the 
material under study appear as light objects 
against a dark background) Surprisingly after 
isolation the stalked particles contained an 
ATPase predominantly, however, it is sus- 
pected that the equilibrium of the reaction cat- 
al 3 ^ed by the ATPase in the stalked particles is 
reversed in the intact mitochondrial oxidative 
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Fig 18 Diagrammatic representation of a mitochondrion After work of Ornstein PaKidt* Sjostraud f 
Moran and others (From Novikoff and Holtzman 1970) 
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phosphorylation system, and that it couples 
phosphorylation of adenosine diphosphate 
(ADP) with electron transport This suggestion 
is supported by the tact that dissociation of the 
particle from submitochondrial preparations 
abolishes the ability of the preparation to carry 
out oxidative phosphorylation, when the parti- 
cles are added back, oxidative phosphorylation 
returns too These particles are closely asso- 
ciated with t|ie assemblage of enzymes and 
cytochromesy distributed m the inner 
membrane— which form the electron transport 
system of the cell The morphology of the inner 
membrane enzyme system remains a matter of 
current dispute 

The outer membrane of the mitochondrion 
has a different enzyme content, a larger per- 
centage of lipids and is more permeable to 
simple sugars than the inner membrane In 
addition to the demonstrably membrane-an- 
chored enzymes of both inner and outer mem- 
branes, certain enz3nnes (such as those of the 
tricarboxylic acid cycle) are solubilized after 
disruption of the mitochondria These enzymes 
are presumed to be situated in the matrix or 
possibly loosely attached to a mitochondnal 
membrane 

Physiologists can clearly dehne the metabolic 


state of the mitochondria in tcnnh of oltHtron 
transport and oxidative phosphorylation 
Careful electron muToscopu' htud\ of isolated 
mitochondria, and m a few^ cases of initorhon 
dna in situ, has resulted m the identification o! 
two functionally related states 1) the con 
densed state in which the matrix appears dmise 
and the space between the inner and outer 
membrane is enlarged, this state is seiui when 
oxidative phosphorvlatum is proceeding at a 
rapid rate under conditions of excess AI)i* aiul 
Pi, and 2) the orthodox state (see Fig I d) 
when ADP and Pj are rate limiting in oxidative 
phosphorylation It is hoped that this kind oi 
structural alteration can be explained eveiitu 
ally m terms of the interaction of mitodKaidniil 
macromolecules* 

Microtybyles and Micrafilamerits 

The asymmetry observed m certain cell types 
is sharply at variance with the picture (/f an 
idealized cell m which all the organelles sur- 
round a central nucleus symmetrically A nerve 
cell m which the axon runs several feet m an 
extension of the perikaryon, m elongated 
muscle cell and a squamous (or columnar) epi- 
thelial cell all exemplify such asymmetry Like- 
wise the nonrandom (asymmetric) movement of 
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subcellular elements is exemplified by transport 
of neurosecretory products (axonal flow), 
sliding myofilaments m muscle contraction, 
and chromosomal movement in cell division 
Electron microscopy of aldehyde-fixed tissue 
has revealed a morphological basis for asym- 
metric structure and movement in the form of 
entities referred to as microtubules and micro- 
filaments, these structures are not membrane- 
delimited 

MICROTUBULES AND CENTRIOLES 

In cross-section microtubules are 200 to 300 
A in diameter and may be followed for several 
microns m longitudinal sections They are 
found m many regions m which phase -contrast 
and polarizing microscopy had previously dem- 
onstrated the presence of formed oriented, 
elongated elements Microtubules are often 
associated with oriented movement The best 
established example is chromosomal movement 
in the mitotic spindle the mitotic poles — to- 
wards which the microtubules of the spindle 
orient and towards which the chromosomes 
move — have centnoles, usually two per cell 

In the interphase cell the pair of centnoles 
are generally found with long axes at right an- 
gles to one another Each centriole is a cylinder 
0 15 pm m diameter and 0 5 pm in length, 
composed of nine sets of microtubule -like ele- 
ments (Pig 1 9) 

The organization of microtubules can be dis- 
rupted by physical means (freezing or high 
pressure) or by chemical treatment, especially 
with colchicine When this is done, motion is 
inhibited and some of the structure collapses 
Therefore, the affinity of microtubules for col- 
chicine serves as a means of identifying micro- 
tubular protein in a cell fraction Isolated and 
disrupted microtubules yield protein subunits 
of approximately 6 X 10^ MW These appear 
to be globular subunits which may be arranged 
m a helical fashion to form the microtubules In 
normal cells the microtubular protein appears 
to be present m a form which is assembled into 
tubules (e g , for the formation of the mitotic 
spindle) under appropriate, but as yet not un- 
derstood, stimulation 

CILIA AND FLAGELLA 

Microtubuie-hke structures may also be 
organized into organelles as diagrammed m Fig- 
ure 1 9 Cilia and flagella are rapidly beating 
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Fig 1 9 Diagrammatic representations of organelles 
composed of microtubules (After work of Fawcett and 
Gibbons ) 


cell processes which extend 10 to 100 pm from 
the cell The intracellular basal bodies of ciha 
and flagella are also composed of microtubular 
structures arranged m the pattern of nine basic 
units (often referred to as “9 ~h 0”)» they are 
widely assumed to be an alternate form of the 
centriole 

Cilia and flagella generally have, m addition 
to the basic nine outer sets, a central pair of 
microtubules (“9 + 1”) It is not known how 
these elements interact m the matrix to pro- 
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duce beats, however the process requires cel- 
lular energy as indicated by the findings that 
exogenous ATP can cause beating in isolated 
cilia and flagella and that the “arms” of the 
nine sets of microtubules contain an ATPase 

MICROFILAMENTS 

Microfilaments are a heterogeneous class ol 
long, thin nontubular structures ol \aiious 
diameters Among the most commonly seen 
microfilaments are those which appear to 
serve as the structural core ol miciovilli '\ls() 
frequently encountered are tonolilaments on 
the intracellular side of desmosomes (see be- 
low) The best example ol association ol micro- 
filaments with motion is the extensiveh de- 
veloped myofilament system which lorms the 
basis of muscle contraction (chap 4) 

The Junctional Complex 

We have thus far limited our view of the cell 
to those entities circumscribed by and in- 
cluding its boundary, the plasma membrane 
Cells rarely are continuous with one another, 
usually a space of 100 to 200 A separates them 
The cells are associated in tissues by various 
means, the best described is the junctional 


mplcx in epithelial cells (Fig 11) In this 
complex the plasma membranes of two adiacent 
cells contribute to speeialized attachment sites 
a tight luiution [muki onludvih) a cIcmuo- 
some {matuk (idham) and between these 
two usually a less w el 1-del inecl iidlh’iens 

where the two membranes are separated h\ a 

0 

constant 200 A space I'he desmosome ina\ 
contain oiganized extracellular material he 
tween the tws) cell membranes which nia\ he 
seen as an additional dense line in paiallel with 
the membranes 

In the region of the tight lunction the outei- 
most layers of the two cellular unit membranes 
appear to be very closelv assoc latc'ci nr fused 
with one another (Fig 1 1), exteriialK applied 
tracer molecules (such as ferritin, an iron-con- 
taining electron dense piotein) cannot pene- 
trate between the cells at the light lunction 
Movement across epithelial cell laxers with 
tight lunctions recjuires a pathwax through cells 
rather than aiouiid them between some cells 
the usual insulation eflecl on passage ol an ap- 
plied electric current is great K rediic'ed at the 
tight junction, such cells are refeired to as cicc - 
troniiallv coupled Communication between 
and coordination of the indivicliial tells of car- 
diac and smooth muscle mav he effected \i<i 
tight junctions 



2 / PHYSICOCHEMICAL PROPERTIES. 
PERMEABILITY. AND TRANSPORT 
FUNCTIONS OF CELL MEMBRANES 


Several aspects of structure and function of 
the cell membrane-— often referred to as the 
plasma membrane — were reviewed in Chapter 
1 In this chapter we shall further consider the 
physicochemical properties of this important 
boundary structure and examine the processes 
by which it regulates the molecular traffic be- 
tween the extracellular and intracellular fluids 

The two sides of the cell membrane appear to 
have different properties One may therefore 
provisionally label the two sides of the mem- 
brane as the outside (extracellular) and inside 
(cytoplasmic) surfaces In the case of the cell 
membrane the “outside’' surface is m contact 
with the cell environment, the “inside” surface 
IS in contact with the cytoplasm 

Physicochemical Properties 

ELECTRICAL PROPERTIES 

Even before the nature of the cell membrane 
had been demonstrated by electron microscopy, 
electrical measurements gave rise to the inter- 
esting generalization that the boundaries of all 
kinds of cells shared a common property the 
capacitance per unit area of the cell boundary 
material was about 1 fxt /cm ^ This figure can 
be combmed with the 75 A thickness of the 
unit membrane in an interesting manner The 
cell membrane can be pictured, to the first 
approximation, to be the dielectric material of 
a charged condenser In general the charge is 
negative on the inside surface and positive on 
the outside surface There is a difference of 
potential across the membrane, for example in 
resting nerve, on the order of 0 06 v The inten- 
sity of an electric field is usually expressed in 
dimensions of volts per meter Thus, the elec- 
tric field within the cell membrane of resting 
nerve is on the order of 

(0 06 V )/{75 X 10 m ) - 8,000,000 v /m 


The dielectric strength of a commercial insu- 
lator IS the maximum electric field 
(volts/meter) which the material can stand 
without breaking down The highest dielectric 
strength for a good commercial insulator such 
as rubber is about 1,000,000 v /m Thus, the 
cell membrane material, viewed as an electrical 
insulator, must have a very high dielectric 
strength, i e , 8,000,000 v /m 
A second number of interest which we are 
able to estimate is the dielectric constant, k, of 
the cell membrane material The capacitance of 
a condenser is a measure of the amount of 
charge which can be stored in the plates of the 
condenser when a given voltage is impressed 
across these plates The capacitance, C, is di- 
rectly proportional to the cross-sectional area, 
A, of the condenser, and to the dielectric con- 
stant, k, of the insulator between the condenser 
plates, the capacitance is inversely proportional 
to the thickness of the dielectric, x, that is, the 
distance between the condenser plates In mks 
units C = eJzA/x, where Cq is the constant 9 X 
10 ”12 farads/m Solving for k and substituting 
we find that 

k - Cx/eA 

_ (10~« farad) (75 X ) 

(9 X 10 farads/m ) (10“'* m •*) 
s 8 

Again compared to commercial electrical insu- 
lators a dielectric constant of 8 is relatively 
high We conclude that the nerve (cell) mem- 
brane has a relatively high dielectric constant 
and dielectric strength 

MOLECULAR PROPERTIES 

The postulated molecular structure of the cell 
membrane is best understood m terms of the 
hydrophilic and hydrophobic nature of certain 
chemical groups Hydrophilic groups are polar 


1-15 



1-16 o - E ^ ' r f O ‘a 1 ' I 

groups which may or mav not bear a lormal 
electrical charge Substances containing these 
groups tend to dissolve m water by interacting 
with the dipolar water molecules, such interac- 
tions are enhanced as a consequence of the high 
dielectric constant of water Accordingly, there 
IS a reduction m the strength of the interactions 
of polar solutes (dipolar molecules, ions) with 
each other Ammo acids and sugar molecules, 
for example, are hydrophilic The long-chain 
hydrocarbons (eg, long-chain fattv acids) on 
the other hand, are hydrophobic, such mole- 
cules are relatively insoluble in water The ag- 
gregation of hydrophobic molecules in the pres- 
ence of water has been explained as follows 
The structure of water is in an ordered, icelike 
state in the vicinity of nonpolar molecules 
When nonpolar molecules leave the water phase 
and form an aggregate, the degree of order of 
the water phase is decreased, the entropy (de- 
gree of disorder) of the whole system is therebv 
increased Since systems tend to change spon- 
taneously towards a state in which the entropy 
IS maximized, nonpolar (hydrophobic) mole- 
cules tend to separate from the water phase and 
to aggregate, i e , they do not ‘"dissolve” m 
water This complex set of ideas for explaining 
the association of nonpolar molecules is repre- 
sented m the current literature by the term 
“hydrophobic bond” (see chap 5) 

A long-cham fatty acid is an hydrophobic 
molecule for the most part but it bears a hydro- 
philic (carboxyl) group at one end When hy- 
drophobicity exceeds hydrophilicity, such a 
substance does not appreciably dissolve mole- 
cule-by-molecule in water If enough molecules 
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of this kind are present howcwei the\ tan 
enter the watei phase and siniultanetnisK sat- 
isK their h\drophobK and ludrophihe tenden- 
ties b\ forming sphental or larnefLir ;n/c(’//es A 
micelle is a multirnolcHular stnutint* in which 
the hvdrophihc paits ot its (onstituent mole 
cules are at the surface in contatt with water, 
while the hvdiophobit parts aie in tfu* interior 
in a milieu of other h\drophobu groups 

A considerahK simplified model ot the cell 
membrane pictuies it to be a l*inu‘llar muc^lle 
consisting of two rows of phospholipid mole- 
cules (Fig 1 10, see also Fig 1 2) The hydro- 
phobic hydrocarbon chains are on tiie interior 
The two surfaces of the micelle aie coveied b\ 
a macromolecular material Tht‘ as\mnu‘tn of 
this membrane is attributed to ditfereiut‘s m 
the macromolecular materials which line* the 
two surfaces of the micelle 

The biological role plavc‘d h\ the cell mem 
brane can best be interpreted from the point of 
view of evolution ft is imhkeK that at tlie time 
of the origin of life the first organism was al 
ready equipped with a membrane boundarv it 
IS more hkeiv that this earlv organism was a 
relatively simple, self-replicating molecule 
With the development of biological complexitv, 
however, an “organelle” arose which isolated 
the organism from its tmvironment 'Fhis oi gan 
elie, the cell membrane, had selective \alue 
since it tended to reduce the influx of miurious 
molecules from the environment while tending 
to preserve useful molecules for the exclusive 
use of the organism 

From this point of view the cell membrane 
should be thought of as a barrier to diffusum 


yWyWvVyVy 


Polar (hydrophrhr) 
group of lipid molecule 


Non polar (hydrophobic) 
moiety of lipid molecule 




Pig 110 Model of cell membrane as laminar micelle 
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Basically, the cell membrane should be re- 
garded as a relatively impermeable rather than 
a permeable structure 

We have considered the cell membrane to be 
basically a lipid micelle To the first approxi- 
mation, it IS convenient to treat the cell mem- 
brane as if it were a thin oil film (Fig 1 11a) 
This crude approximation suffices to explain a 
number of important permeability and elec- 
trical properties of the cell membrane For 
example, the movement of a substance across 
the cell membrane may be viewed as follows 
Each individual molecule of the substance 
leaves the aqueous phase on one side of the 
membrane and dissolves in the oil film The 
molecule then diffuses across the oil film and 
enters the aqueous phase on the other side 

A slightly more sophisticated model of the 
cell membrane is required to explain a number 
of experimental findings, which can best be 
interpreted by assuming that some molecules 
can pass through the membrane without 
leaving the aqueous phase In other words, to 
the second approximation, the cell membrane 
behaves as if it were an oil film pierced by 
pores (Fig 1116) The aqueous phase is contin- 
uous across the membrane through the pores 
These pores may be statistical rather than per- 
manent in nature, that is, they may be tempo- 
rary holes in the oil film created by the thermal 
agitation From osmotic studies on the human 
erythrocyte, it has been inferred that the effec- 
tive diameter of individual pores is about 7 A 
and that the total pore area is only about 
0 0001 of the total surface area of the cell From 
the cell size of the pores it is evident that only 
small particles (e g , water, urea) can cross the 
cell membrane via the pores Larger molecules 
will have to cross the membrane in the region 
which we have referred to as the “oil film ” 
Thus, for the purposes of our survey, it will be 
useful to view the cell membrane as a perfo- 
rated oil film To this simple model more com- 
plex features (carrier molecules, enzymes, virus 
attachment sites) can be added as needed 

We may now consider the manner and the 
relative rates at which substances of biological 
significance cross the cell membrane The fol- 
lowing modes of transport will be discussed 

1) Bulk Flow In this mode water molecules 
do not pass through the membrane by dis- 
solving m it and diffusing across it, one by one, 
rather, the motion of each molecule is corre- 
lated with that of neighboring water molecules, 



Fig 111 Simple models of cell membrane 

a) First approximation Oil film 75 A thick 

b) Second approximation 75 A thick oil film perfor- 
ated by pores Assuming 7 A for the average diameter 
of a pore each pore is about ten pore diameters long 
The diameter of a hemoglobin molecule (Hb) is shown to 
the same scale 

that IS, water flows through the pores m the 
membrane in bulk as it does through a pipe 

2) Diffusion Solute and water molecules 
cross the membrane individually as a conse- 
quence of their thermal motion 

3) Carrier -Mediated Diffusion Solute mole- 
cules combine with membrane-bound carrier 
molecules The carrier-solute complex diffuses 
or otherwise moves across the membrane 

4) Active Transport Molecules move across 
the membrane by a carrier-mediated process 
which requires a coupled input of metabolic 
energy 

Transport 

PHYSICAL BASIS OF DIFFUSION 

Consider a tube which is divided into two 
parts by a thin, removable partition The tube 
contains an aqueous solution of some sub- 
stance The concentration of this substance is 
higher to the right of the partition than to the 
left After the partition is carefully withdrawn 
it is found that with time the concentration on 
the left increases and that on the right de- 
creases Ultimately the concentration becomes 
the same throughout the tube The physical 
explanation of this phenomenon is quite 
simple Every solute molecule has motion of its 
own and m addition is under constant bom- 
bardment from adjacent solute and solvent 
molecules As a result a given solute molecule 
follows an erratic path through the liquid 
However, because there is initially a greater 
concentration of solute at the right of our tube 
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than at the left, more solute molecules move 
from right to left than from left to right until 
the solute concentration throughout the whole 
tube IS equalized Thus, although each indi- 
vidual solute molecule moves at landom, the 
average motion of a large collection of such 
molecules results m a net flow of solute from a 
region of high concentration into a region of 
low concentration 

Diffusion Through a Membrane In view 
of our interest in the diffusion of molecules 
through the cell membrane we shall define a 
number, the permeability coefficient, which is 
descriptive of the ease with which a given 
solute can diffuse through a given membrane 
Clearly this number will be a function both of 
the nature of the membrane and of the nature 
of the solute molecule 

Consider a tube which is divided into two 
parts by a fixed membrane of thickness, x (Fig 
1 12) The tube is filled with a solution con- 
taining a solute, S, which is at concentration 
[S]i to the left of the membrane and at con- 
centration [S ]2 to the right Assuming that [SU 
IS greater than [S ]2 there will be a net transfei of 
solute across the membrane from left to right 
To simplify the mathematics we assume that 
over the period of observation the concentra- 
tions [S]^ and [Sla (m moles/cm T remain con- 
stant with time These restrictions can be ap- 
proximated in a real system by taking measure- 
ments over a sufficiently short period so that 
the concentrations do not change appreciably, 
and by stirring the solutions on each side of the 
membrane Under these conditions there will 

X A 

1 _ / 


Ls], 



Fig 112 Permeability Chamber divided by a thin 
membrane of area A and thickness x The concentration 
of a given substance is [S\^ on the left and (51 2 on the 
right The rate Q in moles/sec at which the substance 
diffuses from left to right is 

Q = pA([S| , - [SI,) 

where p is the permeability coefficient of the membrane 
for the given substance Note that p may include such 
factors as the solute diffusion coefficient the membrane 
thickness the geometry of aqueous channels in the case 
of polar solutes etc 


be a net rate of flou , Q ( moles Aec ) of solute 
across the membrane This How rate Q, is pro- 
portional to the conientration gradient, ([N], 
[S\f}/x (When the concentration is ecpial on 
both sides, that is w'hen \S\, \S\, then Q is 

zero ) Q is also propoitional to the aiea T 
(cm of the membrane, 1 e , the greater the 
area the greater the How rate Introducing the 
proportionalitv constant p we obtain the (‘({na- 
tion 


Q pUl.sh |N| ) 


It can be seen that p includes the membranes 
thickness, x and has the dimensions of centi 
meters per second 

Q 

^ U|N|, INI I 

niok‘s/s(*c < lu 

(Z) 

(tin *){molesitin '! set 

p is the permeabdit\ coeffuK'nt for the givcm 
solute and membrane the great ei p the 
greater the rate with which the solute ditluses 
across the membrane From eciuation (2) it tan 
be observed that p defines the How rate of 
solute per unit membrane tirea per unit coiu'en- 
tration gradient maintained <uross the mem 
brane 

Anv rate of transfer of mass (particles) or 
energy across a boundarv mav he reierr(‘d to as 
a flux Thus, the term Q m equation (1) aboxe 
may be spoken of as the net flux of solute 
across the membrane area, A In lecxuit years 
the letter, J, has been used as a geneni! desig- 
nation for flux whether the moving particles are 
molecules, ions, electrons, packets of ent^rgv 
such as calories or quanta, etc In this ch<ipter 
we are using J to represent the flux, Q, per unit 
membrane area, A In other words, 


J ® Q/A 


Therefore, equation (1) for simple diffusion can 

be rewritten 


JsQM p(hST kSlj Cl) 

If the solute particles are ions, the movement 
or flux can be measured in terms of specific 
ionic electrical current, /, instead of flux, J 
Current and flux are related as follows 

I ^ zFJ 

where z is the valence of the ion and F is F'ara- 
day’s constant (96,500 coul /eq ) Typical units 
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of current are /lamp or pamp /cm ^ if noimal- 
ized A handy equation for converting electrical 
current to ionic flux is 

I (;uamp /cm ^) = 26 8 2 J (;umole/hr -cm 

Physicochemical Criteria for Rates of 
Diffusion across All Membranes Lipid Solu- 
bility Let us consider a vessel m which two 
aqueous phases are separated by an oil phase 
(analogous to a lipoidal cell membrane) A sol- 
ute, S, IS introduced into aqueous phases 1 and 2 
to establish concentrations [S]^ and [S]^, re- 
spectively If equilibrium is established across 
each interface, the concentrations in the oil 
phase (membrane) and the adjoining aqueous 
phases can be related to B, the oil-water parti- 
tion coefficient, which is defined as follows 

2 (water ) 

where [5]^ and [5 ] 2 (oin are the concentra- 
tions of the substance m the oil phases at oil- 
water interfaces 1 and 2, respectively, and 

(watt r land [S]2 (water 1 are the concentrations 
of the substance in the water phases 1 and 2, re- 
spectively There will be a gradient of concen- 
tration in the oil phase (membrane) when the 
concentrations established in the aqueous 
phases are unequal A gradient across the oil 
phase gives rise to diffusion of the substance 
through this phase The net flux per unit area, J 
s Q/A, from aqueous phase 1 to aqueous phase 
2 IS given bv 

J ^ Q/A - [5],(o.n) 

where p' is a proportionality coefficient 
Knowledge of the oil-water partition coeffi- 
cient, B, makes it possible to substitute the 
concentration in the aqueous phases for the 
concentration m the oil phase at the interfaces 
(where an equilibrium distribution is assumed 
to prevail) , thus 

J ^ Q/A p'B{[S], [5]2 (water)) (4) 

The apparent permeability coefficient, p'B, 
corresponds to p m equation 3 It is seen that 
flux through the oil phase (membrane) is pro- 
portional to the oil-water partition coefficient, 
B, all other factors being equal For many sub- 
stances of biological interest B is very much less 
than one, for substances which can enter the 
cell membrane only to a limited extent, Q is 
small In general, although there are excep- 
tions, the greater the oil- water partition coeffi- 
cient, B, for a substance, the greater its rate of 


transfer through the cell membrane (Overton’s 
rule) 

Hydrophilicity Chemical groups are said to 
be polar when the positive nuclei and negative 
electrons are so unevenly arrayed that the local 
net electrical charge does not average to zero 
Let us consider some examples Ionized groups, 
that IS, groups which have lost or gained elec- 
trons, are polar Groups in which there has 
been no net gam or loss of charge, but where a 
displacement of charge within the group has led 
to a concentration of negative charge m one 
region, and positive charge in another, are also 
polar The alcoholic hydroxyl group is polar 
because the two valence electrons shared by the 
hydrogen and oxygen atoms are attracted to- 
ward the more electronegative oxygen atom 
( - OH) This is also why water is a highly polar 
substance 

The greater the number of hydroxyl groups 
on an organic molecule, for example, the 
greater the hydrophilicity As one would expect 
from the lipid (hydrophobic) constitution of 
biological membranes, the permeability of the 
cell membrane to a substance is inversely re- 
lated to the hydrophilic nature of that wSub- 
stance Thus, hydrophilic substances, such as 
sodium ions, potassium ions, sugars, and ammo 
acids, will penetrate the cell membrane only 
very slowly by simple diffusion In Table 1 3 it 
IS seen that the permeability constant of so- 
dium ion, Na+, is only about one hundred mil- 
lionth that of water It is equally evident, that 
from the point of view of the economy of the 
cell certain hydrophilic substances must be 
brought into the cell m appreciable quantities 
As we shall see such substances are transported 
into the cell by a process which involves mem- 
brane-bound carrier molecules While it is gen- 
erally true that electrically charged particles 
penetrate the cell membrane only very slowly 
by simple diffusion, it is to be noted that m the 
case of the mammalian red blood cell, the an- 
ions OH~, Cl” and HCO3” as well as the 
cation have permeabilities which are very 
high compared to that of the cations Na"^ and 
K"** In general the electrical charge distribution 
in the walls of the pores favors the diffusion of 
anions over cations 

Molecular Size In general it may be said for 
a senes of homologous substances that the 
greater the molecular weight, the smaller the 
permeability coefficient This follows from the 
fact that the larger a particle the slower its 
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thermal motion and, consequentlv, the smaller 
its rate of diffusion For polar molecules, such 
as proteins, nucleic acids, and viruses, the 
permeability coefficient is exceedingly small 
not only because of low diffusibihtv but also 
because of molecular sieving, i e , large polai 
molecules tend to be sieved bv the cell mem- 
brane owing to the geometry (size and shape) 
and the electrical characteristics (charge distri- 
bution) of its aqueous channels Hence, since 
such particles do indeed cross the cell mem- 
brane, we must seek an explanation for their 
transport in terms of special mechanisms other 
than simple diffusion 

CARRIER-MEDIATED TRANSPORT 

The Carrier Model. We have noted that 
many substances, such as ammo acids and sug- 
ars, which are vital to the economy of the cell 
can be expected to cross the cell membrane b\ 
simple diffusion only at low rates A consider- 
able body of experimental evidence has accu- 
mulated to suggest the following mode of trans- 
port The substrate to be transported combines 
with specific, membrane-bound carrier mole- 
cules and crosses the cell membrane as part of a 
substrate -earner molecular complex The car- 
rier molecules are assumed to be confined to 
the membrane and to shuttle back and forth 
from one side of the membrane to the other 
The earner is like a ferryboat — it accelerates the 
rate of transport across a barrier Presumably 
the earner reduces the thermal energy needed 
by the substrate molecule to leave the aqueous 
phase and to enter the membrane phase Con- 
sider a sugar molecule which is strongly bound 
to the surrounding water by hydrogen bonds 
For this molecule to enter the nonaqueous 
phase, the membrane, it is necessary to await a 
thermal collision of sufficient magnitude to 
break its hydrogen bonding to the water If, 
however, there is a carrier molecule m the 
membrane to which the sugar molecules can 
readily attach, then the thermal energy needed 
by the sugar molecules to enter the membrane 
IS decreased because the hydrogen bonds be- 
tween the sugar and the water molecules can be 
replaced by bonds between the sugar and the 
carrier molecules Thus, the entry of the sugar 
molecules into the membrane is greatly facili- 
tated At the present time many laboratories 
are engaged m the isolation and characteri- 
zation of membrane components possessing the 
required specificity to serve as carriers for the 
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substiate molecules that ate iKaicved tu un 
dergo earner-mediated tian-pan in hu>lHgiuil 

s\ stems 

Carriei-inediated traii'-pnrt can !h‘ disim 
guished Irom sinqih' diiliisH)i} !)\ the tttlhanng 

cnteria 

Saturation When thiit is na (ainei 
tion I tells us that tui simple diffusion tlu‘ late 
of trans{)ort is propiat tonal to tin* c oiu tail lation 
diftercaue [N], if this didt'n'tiu* dou- 

bles, the rate of transpoi* doiihles This is not 
the case toi t«irner mediated ttauspivit fh^re 
concentrations can be naitluai at whuh \n 
tualK ail the caniei mnle(uli‘s an* in lonstant 
use, then tuither increases in toniamtrafion wdl 
not appreciaiiK iiu tease the tide of transport 
since unoccupied earners att* mtt avatldile The 
earner s\stem is s.itui*ite(i and the caniei me 
cliated transpetrt operates <it the maxnnum pos- 
sible rate 

Competition Inhibition 'Fuo substances A 
and B which attach to the same t airier com 
pete tor the carrier svstem It B is a(iiit‘d to the 
extracellular fluid, the t‘el!ular uptake of A is 
decreased because molecules o! B mnv otcupv 
earner molecules which were* pievioush avail 
able for the transport of A 'Fhe competition, of 
course, is mutual so that addition of *4 rt‘duces 
the rate of uptake of B 

Specificity One earner molecule mav trans 
port one ammo acid or group of ammo acids, 
while another transports one sugar or group of 
sugars If the addition of a substance .V does 
not decrease the carrier-mediated uptake of *1 
substance A, then A and X do not share the 
same earner system and the c^hemical speci- 
ficity of the substance-earner mteraclum is 
thereby demonstrated. This specificity is never 
perfect and a given earner mav carry, with 
varying efficiencies, a number of substances of 
related chemical structure 

Noncompetitive Inhibition A substance / 
may interact with a earner m such a manner as 
to prevent the earner from combining with its 
usual substrate, A In this case, even though / is 
not being transported, the transport of A is in- 
hibited 

Finally, it should be noted that earner-me- 
diated transport generally shows the high tem- 
perature coefficients characteristic of chemical 
reactions 

The carrier-mediated transport of a sub- 
stance along a concentration gradient (i e , m 
the direction of simple difhision) is called faciC 
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itated diffusion On the level of the organism an 
analogy to facilitated diffusion may be found m 
the transport of oxygen from the lungs to the 
tissues The carrier is the hemoglobin molecule, 
the substrate being transported is oxygen The 
carrier manifests specificity — it combines with 
oxygen but not with nitrogen, saturation — an 
increase in alveolar oxygen tension beyond cer- 
tain levels does not yield a proportional in- 
crease in oxygen transport, competition — car- 
bon monoxide competes with oxygen for the 
same carrier and prevents oxygen uptake 
Electrochemical Potential (p) The trans- 
port processes which we have discussed so far 
have dealt with the movement of molecules 
from regions of high concentration to regions of 
low concentration For generality and scientific 
precision we should be referring to the move- 
ment of molecules from regions of high electro- 
chemical potential to regions of low electro- 
chemical potential However, m the interest of 
simplicity and clarity for students who have not 
been exposed to physical chemistry, we will 
continue to use the term, concentration, inter- 
changeably with the more rigorous term, electro- 
chemical potential Nonetheless, it is appro- 
priate at this time to consider briefly the 
meaning of the electrochemical potential of a 
substance, S, in solution (ps) 

p^ IS a measure of the “useful” energy con- 
tent of S Typical units are joule/mole or 
kcdl /mole Electrochemical potential is com- 
posed of a chemical part and an electrical part 

Ms “• Ms f 

^ ^ (5) 

chemical electrical 

part part 

where 2^ is the valence of S, F is Faraday’s con- 
stant and 'F is the electrical potential (voltage) 
measured with respect to any reference point 
ITie chemical part may be separated into com- 
ponent parts 

Ms - Ps%T,P} + RT\n a (6) 

where a is the activity, R is the gas constant, T 
IS the absolute temperature, and P is the pres- 
sure p^^, as indicated, is a function only of T 
and P, i e , It IS constant when T and Pare con- 
stant The activity a may be broken down as 
follows 

y [S] (7) 

where y is the activity coefficient (usually in 


the neighborhood of unity) and [5] is the con- 
centration of S Therefore, the electrochemical 
potential on side i (i being 1 or 2) is 

Msu, = Ms^(T,P) + PTln(T. [SD h2.F^.(8) 

One of the “forces” driving S across the mem- 
brane is the difference m electrochemical po- 
tential across the membrane In biological sys- 
tems, there is usually neither a significant 
temperature difference (T^ = P2) ^ sig- 

nificant pressure difference (P^ = P2) across 
the membrane and the activity coefficients are 
treated as equal (7^ = 72) In this case, 

Ams = Ms(i) ~ Ms(2i 

= In ([b^l,/[S] 2 ) + 2,FA^ (10) 

t t 

chemical part electrical part 
where A\f/ ~ \p^ ~ 1^2 

ACTIVE TRANSPORT 

When a solute moves downhill from a region 
of high electrochemical potential to a region of 
low electrochemical potential, the transport 
process is generally thermodynamically spon- 
taneous or dissipative in character m that the 
free energy of the matter under observation de- 
creases during transport (Fig 1 13A), thus, no 
expenditure of energy is required on the part 
of the cell However, a transport process in 
which the net flow of substance is from a re- 
gion of high to a region of low electrochemical 
potential need not be exclusively spontaneous, 
for example a metabolic energy source (Apm) 
might be coupled to such a downhill process 
so as to increase the net rate of flow of sub- 
stance above that which would prevail m a 
purely dissipative process A situation of this 
type is sketched in Figure 1 14 to show the net 
flux of a substance, being driven by a 

metabolic energy source, Amm, as well as by 
the electrochemical potential gradient, Aps 
This IS an illustration of active downhill trans- 
port Another case of active downhill transport 
IS observed when the metabolic component of 
transport (i e , that component which is linked 
to Apm) is oriented in the reverse direction from 
but overwhelmed by the electrochemical po- 
tential gradient, Aps (Fig 1 15) It is also pos- 
sible for active transport to be manifest when 
the electrochemical potential gradient has been 
eliminated {Aps = 0) In this situation, referred 
to as active level flow, ApM alone drives the 
transport process (Fig 1 16) 



1-22 GENERAL PHYSIOLOGICAL -'’ROCESSES 


Sect/on 7 


A Downhill '^S(1)>^S(2) 




Fig 113 If the net flow of a substance is in a direc 
tion from higher to lower electrochemical potential it is 
moving downhill if net flow is from lower to higher elec 
trochemical potential it is moving uphill 



Fig 1 14 Active downhill transport A/x m represents 
the effective input of metabolic energy from the cell for 
the transport of S This effective input will be less than the 
free energy available from the coupled metabolic reaction 
to the extent that the efficiency of coupling between 
metabolism and transport is less than 100% The meta- 
bolic coupling in this scheme is oriented to drive S from 
side 1 to side 2 Ajj,^ is the electrochemical potential 
difference of S A/x^ri represents the net driving force 
due to A/x plus AJi^ In this example of active down- 
hill transport both Ap m and A/xs act to drive S from 
side 1 to side 2 



F.g 1 15 Reversed active downhill transport Ap ^ 
and A^s are oriented to drive S in ofiposite dirin tions In 
this example Ap ^ is overwhelmed l)y Ap so that 
Ammi is oriented to drive S from sidt* 7 to 1 in thr* /e 
verse of its normal direction of active transfiort If c ouf) 
ling between the metabolic and transport protr^ssus is 
highly efficient then in principle the reversed downtiil! 
transport of S can serve to cjeneiiite metabolites (e f) 
ATP) from breakdown products (('q ADP p/ui, inorcjanic 
phosphate) 

In all cells there exist mechanisms whcrchv 
substances can be transported uphiU across 
membranes from regions ot low to regions ot 
high electrochemical potential (Fig I hlB) 
These mechanisms are m most (*ases ex<impU*s 
of active uphill transport in which a metaliolu 
process (off-equilibnum breakdown ot a me- 
tabolite) IS coupled to and thus provides the 
energy for the transport process (Fig I 17) 
The movement of every mole of substance 
against its electrochemical potential gradient 
must be paid for by the expenditure of an 
amount of energy which depends upon the effi- 
ciency of the coupling between the energv-pro- 
vidmg process and the transport work accom- 
plished The energy required for active trans- 
port is derived from the hydrolysis of sub- 
stances such as adenosine triphosphate (ATP) 
If there is no coupling with a metabolic process, 
transport is passive For example, a substance 
may move uphill passively if its transport is 
coupled with the downhill movement of another 
substance rather than with a metabolic proc- 
ess On the other hand, as we have seen, an 
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I AAu5=0 

*• - ^ Am^et 

Fig 116 Active level flow Only A/z m provides the 
net driving force for the transport of S In undergoing 
net transport from side 1 to side 2 S neither gams nor 
loses useful energy [p^) The direction of net transport 
during level flow can be used to define the normal direc 
tion of active transport 



Fig 1 17 Active uphill transport A/x ^ and A/Is are 
oriented to drive S in opposite directions In this example 
A/is IS overwhelmed by A^ m so that A/unm 's 
oriented to drive S from side 1 to side 2 S gams useful 
energy during its net transport from side 1 to side 2 In 
effect the active transport mechanism is responsible for 
the transfer of energy from metabolites to S 


actively transported substance may move up- 
hill, downhill, or lemam at a gi\en level with re- 
spect to its electrochemical potential, as Thus, 
an active transport process is defined, not by 
demonstrating that flux is thermodynamically 
uphill, but only by demonstrating that flux is 
coupled to metabolism 

In mammalian cells the existence of active 
transport processes for sodium and potassium 
ions can be readily inferred from the concentra- 
tions of these ions in the intracellular and ex- 
tracellular fluids (Table 1 1) In general, though 
with exceptions, the concentration of is 
greater in the cell than it is in the extracellular 
fluid, while the concentration of Na'^ is lower 
in the cell than it is m the extracellular fluid 
From the magnitudes of the permeabilities of 
cell membranes to these ions (Table 1 3) it can 
be shown that the intra- and extracellular con- 
centrations would equalize by diffusion over a 
period of several hours It follows that concen- 
tration gradients are maintained m vivo across 
the cell membrane by active processes which 
pump the ions against the gradients at rates 
sufficient to offset passive back diffusion 
(leakage down the gradients) 

Active transport is carrier-mediated There- 
fore the criteria which define it include 1) sat- 
uration, 2) competitive inhibition, d) speci- 
ficity, and 4) noncompetitive inhibition, how- 
ever, as noted above, the new criterion which 
must be added is the requirement for metabolic 
energy As we have already noted, a substance 
can be made to move against a concentration 
gradient only by the expenditure of energy If 
the energy supply is blocked, active transport 
ceases As an example we may consider the 
human erythrocyte which under normal cir- 
cumstances has a potassium concentration 
which IS higher in the cell than it is in the 
serum When erythrocytes are refrigerated, ac- 
tive transport ceases and potassium ions slowly 
leak out of the cells until the intracellular and 
extracellular potassium concentrations are 


Table 1 1 

Concentrations (mEq /liter of HjO) of certain ions in hunnan 
plasnna and erythrocytes 




Na^ 

Ca^ ^ 

Mg* * 

Cl 

p:: 

O 

o 

Plasma 

5 

140 

3 

1 

no 

28 

Erythrocytes 

150 

15 

Trace 

3 

70 

27 

Ratio iP/E) 

0 03 

9 

— 

0 3 

1 6 

-1 


After Davson, 1%4 
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equal When the blood temperature is returned 
to 37° C, providing there is an energy source 
such as glucose in the serum, active transport 
resumes and the intracellular potassium con- 
centration increases toward normal levels Sim- 
ilar observations have been made m in vitro 
experiments with muscle tissue, kidney slices, 
salivary gland slices, etc 

A useful model for active transport is shown 
in Figure 1 18 In addition to the carrier, there 
IS an enzyme, e, and an energy source, W The 
substance to be transported combines reversiblv 
with a carrier molecule on the extracellular sur- 
face of the membrane The substance-carrier 
complex diffuses to the intracellular side of the 
cell membrane where the complex dissociates 
and the substance discharges into the cell In 
this model the enzyme, e, which is localized on 
the intracellular side of the membrane, alters 
the carrier molecule to an inactive form, that 
IS, a form which does not combine with the 
substance The alteration of the earner is an 
enzymatic process which does not require an 
input of energy The inactivated (unloaded) 
carrier passes to the extracellular side of the 
membrane where it is converted to its active 
form by an energy-requiring process Now it 
can again combine with the substance to be 
transported and the cycle then repeats It 
should be pointed out that there exists no di- 
rect evidence for this model The postulated 
carrier molecule, the inactivating enzyme and 
the carrier activating system have not yet been 
isolated or biochemically defined Nevertheless, 
the model shown m Figure 1 18 is exceedingly 
helpful in considering a wide range of experi- 
mental findings related to active transport It 
might be thought that active transport should 
give rise to a continuously increasing concen- 
tration gradient This is not the case for the fol- 
lowing reasons 

1) As the intracellular concentration of the 
transported substance increases, the dissocia- 
tion of the substance-carrier complex is op- 
posed by mass action, and therefore, the proba- 
bility of a loaded carrier molecule returning 
from the intracellular to the extracellular side 
increases 

2) As the concentration gradient builds up 
there will be an increase m the passive back 
diffusion (leak down the gradient in the direc- 
tion opposite to that of the active transport) so 
that a steady state is attained in which the rate 
of active transport equals the rate of back leak 



Fig 1 18 Model for active transport The (arrier mole 
cules (large circles) are confined to the rnernbrane re 
gion There is a net transport of substance (smal! t irt les) 
from the extracellular fluid to the cytoplasm The large 
arrow indicates the direction of transport 

7) Substance combines with carrier 

2) Substance-carrier complex passes to cytoplasmic 
side 

3 ) Substance-carrier complex dissociates Substance 
discharged into cytoplasm 

4 ) Carrier is enzymatically degraded into an mat tive 
form le a form which exhibits low affinity for the sub 
stance 


5) Inactive carrier passes to extracellular stde 

6 ) Carrier is activated by an energy requinncj process 
(After Heinz and Walsh, 1958 ) 


Thus, the ratio of the intracellular concentra- 
tion to the extracellular concentration of the 
transported substance becomes constant with 
time 

The adaptive value and evolutionary signifi- 
cance of active transport is clear’ The total 
amount of an ammo acid m the environment oi 
a microorganism, for example, may be very 
large though its concentration and rate of entry 
into the cell may be too small to sustain an 
adequate level of protein synthesis In the pres- 
ence of an energy-coupled carrier system the 
ammo acid can be concentrated within the cell 
Such a system should not be thought of as oper- 
ating only between the cell and its outside It 
can operate at the level of any membrane 
system — making it possible, for example, lor a 
cell organelle to concentrate a needed constit- 
uent This is the case for the mitochondrion m 
which many ions are accumulated The general 
features of active transport and facilitated dif- 
fusion hold true for a wide range of transport 
phenomena Active transport processes for 
ammo acids, sugars, and ions (Na^, CT, 
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Mg^ \ etc) have been demonstrated and re- 
ferred to by various terms such as the sodium 
and potassium “pump” of nerve, muscle and 
erythrocytes, and the active secretion and ac- 
tive reabsorptive processes of the kidney, gas- 
trointestinal tract, and exocrine glands 

Unidirectional Fluxes and Net Flux 
Clearly the net flux across a membrane will be 
resultant of the two unidirectional fluxes The 
unidirectional flux of solute, S, from side 1 to 2 
{JC ") can be determined by introducing an 
isotope to serve as a tracei for S and then 
measuring the rate of appearance of S* on 
side 2 The unidirectional flux from side 2 to 1 
{JC h can be determined by introducing a 
second isotope of S, into side 2 and 

measuring its rate of appearance on side 1 
These operations are depicted schematically in 
Figure 1 [9 
Net flux IS given by 

If 0, material S disappears from 

compartment i and appears in compartment j 
Unidirectional flux is of interest because the 
net flux IS often most easily and usefully deter- 
mined as the difference between the two uni- 
directional fluxes 

Cis- and Trans-. Cw- is a prefix referring to 
the side from which a unidirectional flux origi- 
nates and tmns- is a prefix referring to the side 
to which a unidirectional flux moves 

cis-side fmas-side 

r/s‘ ^ I 2 

FLUX 

JU ‘ 2 1 

hi general we may represent unidirectional 
fluxes as follows 

iis side (rans-side 

1 ! 

^ or JC*' 

It IS often imjxirtant to know whether biologi- 
cally active agents (drugs, hormones), which 
modify the transport of a substance, act on one 
or both unidirectional fluxes and whether such 
action IS from the ci,s-side, the tmns-side, or 
both 

PINOCYTOStS 

In discussing the relationship between 
permeability and molecular size it was pointed 



Fig 1 19 Use of tracer isotopes to measure net 
flux 


out that with respect to diffusion the permea- 
bility of the cell membrane to large molecules, 
such as proteins, is negligible Yet the passage 
of macromolecules into cells is well docu- 
mented, for example, 1) the genetic transfor- 
mation of bacteria by transforming principle 
(deoxyribonucleic acid), 2) the infection of cells 
by viruses, and 3) the penetration of cells by 
antibodies One mechanism whereby such mac- 
romolecules enter cells is called pmocytosis (cell 
drinking) a phenomenon related to phagocy- 
tosis This phenomenon was noted under the 
general heading of endocytosis m Chapter 1 In 
pmocytosis the cell membrane engulfs extracel- 
lular fluid and forms a membrane-bounded 
vacuole (Fig 1 20) The vacuole travels into the 
interior of the cell The content of the vacuole 
faces the “outside” surface of the former cell 
membrane Thus, from the point of view of the 
asymmetry of the membrane the vacuolar con- 
tent lies outisde the cytoplasm, just as the con- 
tent of the gastrointestinal tract lies, m reality, 
outside of an organism However, m pmocyto- 
sis, the cell membrane appears to have proper- 
ties in the cell interior which are different from 
those which it had on the cell surface The cell 
membrane of the ameba, for example, is highly 
impermeable to glucose When pmocytosis is 
stimulated, however, glucose uptake from the 
vacuolar fluid becomes considerable It is be- 
lieved that macromolecules pass from the inte- 
rior of the pmocytic vacuole into the cytoplasm 
as a consequence of the breakdown of the vacu- 
olar membrane m the cell interior and the re- 
sultant liberation of its contents 
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Fig 1 20 Pinocytosis Molecules which stimulate 
pinocytosis are indicated by dots 7) Molecules adsorb 
to the outer surface of the ceil membrane 2) The mem- 
brane invaginates in the region of adsorption 3 ) A 
vacuole forms 4 ) The vacuole travels inwards 5) During 
Its inward journey the vacuole shrinks 6 } The membrane 
disappears and the adsorbed molecules spill into the cy- 
toplasm (After Bennett 1956) 

Pinocytosis is not simply the entrapment of a 
volume of extracellular fluid with the subse- 
quent uptake of solutes from the fluid In the 
ameba the concentration of protein in the pino- 
cytic vacuole exceeds that in the extracellular 
fluid This anomaly was explained when it was 
shown that the protein was adsorbed to the cell 
membrane prior to the formation of the pino- 
cytic vacuole. It, thus, appears likely that the 


transport process iinoKeci in f)ino(\toMs is 
primariK one ot plasma membrane moioment 
into the interior ol the (ell and tlnaetore tluit 
the ins^estion of the extracellular iluul which is 
trapped m the vacuole is a h\ produet of the 
process Thus, pinoc\1osis mi^ht he u^^Mided ^.s 
a transpoit process in vcliuh the caiiiei is the 
cell membrane 

PHYLOGENETIC VARIABILITY 

Thus far we have emphasi/mi the smiilantv 
of various biological memhnuu's It is appio 
pnate now to take note of the i>ieat divt'rsitv of 
properties manifested hv hioloj^ucal memhianes 
In Table I 2 we note a lOO fold ddfcTerue in 
pcrmeabilitv to watei of the cell menibraiu^s of 
Ameba proteus and the human ervthrocwte 
Even comparisons within the' thiss of (‘rvthio- 
evtes show marked dilferinues dim peniuM- 
bilities to glvcerol of the cell menihiaru^s of 
ervthroc>Tes of two evolutionarv lousins thc^ lat 
and the ox, differ bv a factor of more than I(H) 
We have already considered sevenil ft:encTah/.i- 
tions relating the chemical stiucture ot a solute 
molecule to its permeability <oefticient I'hese 
generalizations were denyed Lirgely from 
studies on plant cells hut, with many exc^ep- 
tions, apply also to mammalian cells 

fWovemeni of Water Across the 
Cell Membrane 

Because of the special role which watcT plavs 
in biological systems and because of the unujue 
physical characteristics of this molecTile we shall 
treat the diffusion of water across the tell 
membrane as a special case C’om pared to other 
molecules water diffuses across the cell mem- 
brane at a very rapid rate The permeabihtv 
coefficient of water is 400 times greater than 
that of urea (Table 1 2) although the latter mol- 
ecule Itself has a very high permeability con- 
stant as compared to other molecules of Iwolog- 
ical significance As a result the water within 
an erythrocyte exchanges with water from out- 
side the erythrocyte m a small fraction <4 one 
second Nevertheless it is important to recog- 
nize that the cell membrane is a rather im- 
permeable structure as demonstrated by the 
fact that a water layer of equal thickness would 
have a permeability to water molecules 10,000 
to 100,000 times larger Thus, when we say that 
the cell membrane is highly permeable to water 
we are speaking only in relative terms, that is, 




Chapter 2 


Ce^i Membfanes 1-27 


Table 1 2 

Permeability to water of some cell membranes 


Species 

Extracellular Fluid 

Permeability 



water/ 

11 ^ surface 
area/atm ) 

Ameba proteus 

Fresh water 

0 03 

Arbacia egg 

Sea water 

0 4 

Human erythrocyte 

Serum 

3 0 


Prosser and Brown, 1961 


Table 1 3 

Orders of magnitude of the permeability coefficients of 
erythrocyte membranes 


Substance 

Oil/Wdter 

Partition 

Coefficient 

Permeability 
Coefficient 
{cm /sec ) 

Species 

Water 

10 > 

10 ^ 

Ox 

Uiea 

10 ^ 

10 ^ 

Ox 

Cl 


10 ’ 

Man 


- 

10 « 

Man 

N«i' 


10 

Man 


For references see Davson, 1964 


we are noting the permeability of the mem- 
brane to water as compared with its permea- 
bilit\ to other molecules 

Osmotic, phenomena arise as a consequence 
of the high rate, as compared to other cell con- 
stituents with which water crosses the cell 
membrane Insight into osmotic phenomena 
can be most easilv obtained by studying a com- 
parable system of deal gases 
Consider a container (Fig 1 21a} divided 
into two ecjual parts by a partition There are 
an ecpial number of ideal gas molecules on each 
side of the partition What distinguishes the 
two sides IS that on the left there are 12 big 
m<ilecules (marbles) and 4 small molecules 
(dots), a total of 16 molecules, while on the 
right there are 16 small molecules (In the bio- 
logical system the dots correspond to water 
molecules, the nmrbles to solute molecules 
which penetnite the tell membrane very slowly, 
if at all! Now it is a characteristic of the ideal 
gas that its pressure depends only on the con- 
centration of particles and not on the nature 
(large or small molecules) of the gas Hence, 
the pressure is the same on each side of the 
partition Let us now drill holes through the 
partition of a size that the dots can pass 
through but the marbles cannot (Fig 1 216) 




(c ) 


(d.) 


Fig 1 21 Ideal gas model of osmosis 

a) An equal number of particles on each side of the 
partition leads to a zero pressure difference between the 
two compartments 

b) Holes are drilled through the partition These are 
of such size that the dots but not the marbles can pass 
from one compartment to the next 

c) At equilibrium the concentration of dots is the 
same on both sides of the partition Due to the presence 
of the marbles the pressure is higher on the left than it is 
on the right 

d) The net flow of dots from right to left is averted 
by decreasing the volume of the left compartment and 
thereby increasing the concentration of dots on the left 
The pressure difference between the two compartments 
when the net flow of dots is zero is the osmotic pressure 
TT 


What happens next is a consequence of the 
fact that in a mixture of ideal gases each com- 
ponent behaves as if the other components did 
not exist Thus, dots migrate through the par- 
tition until the numbei of dots on the left 
equals the number of dots on the right (Fig 
I 21c) More generally, we can say that the mi- 
gration will occur in a direction to equalue the 
number of dots per unit volume (concentration 
on both sides of the partition) The migration 
can be prevented by decreasing the volume on 
the left side of the chamber so as to equalize 
the initial concentration of dots on both sides 
of the semipermeable partition (Fig 1 21(f) 
The decrease m volume is accompanied by an 
increase m the pressure of the gas m the left 
chamber This increase in pressure, tt, re- 
quired to prevent the new flow of '‘solvent” 
(dots) between the two chambers is analogous 
to the osmotic pressure of a “solution” (mar- 
bles dissolved m dots) with respect to a pure 
“solvent” (dots) 
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To transpose this problem back to the cell: 
the perforated partition corresponds (in its 
osmotic properties) to the semipermeable cell 
membrane. (A semipermeable membrane is one 
which cannot be penetrated by solute molecules 
or which is very much more readily penetrated 
by solvent than by solute molecules). The small 
particles (dots) correspond to the solvent (wa- 
ter), the large particles (marbles) to the solute. 
As compared to water the marbles represent 
solute molecules which penetrate the cell mem- 
brane slowly, if at all. For an aqueous solution 
the osmotic pressure, tt (in atmospheres), can 
be estimated from the equation. 

xV - noRT. 

In this equation V is the volume (in liters) of 
the solution, n^ is the number of moles of solute 
particles in this volume, T is the absolute tem- 
perature (°K) and R is the universal gas con- 
stant 8.2 X 10“^ (liter -atm.lAmole • °K). If the 
extracellular and intracellular fluids have the 
same osmotic pressure and no solute penetrates 
the cell membrane, then there is no net flow of 
water across the cell membrane and the cell 
does not swell or shrink. Mammalian cells do 
not swell or shrink when placed in a 0.9ffi NaCl 
solution. The molecular weight of NaCl is 


58.5; therefore the molarity of this solution is 
0.15. However, the NaCl is almost c'ompietely 
ionized so that there are approximately 2 os~ 
motically active particles (Na‘ and Cl ) for 
every NaCl molecule. Hence, ly, 2 x 0.15 
0.3 moles (per liter), V 1 liter, T 31(C (at 
body temperature) and the osimdic prt'ssure of 
the interior of the mammalian cell is approxi- 
mately 

TT - ip.RTA' - (0.3){8.2 X 10 0(3.1 x 100 
/I - 7.5 a tin. 

Any system, such as the ceil or the mitochon- 
drion, which is bounded by a semipenneahle 
membrane manifests osmotic i)roperties. In the 
mammalian organism the osmotic* pressure 
of the blood and extracellular tluids is regu- 
lated very precisely and water equilibrates 
rapidly across the cell membranes. In the 
ameba, a fresh water organism, there is a con- 
stant influx of water into the organism and a 
continuing energy expenditure on the part of 
this organism is required to pump the water out 
again. Thus, the relatively low permea!)ility to 
water of the ameba as compared with the 
human erythrocyte (Tabi(.‘ 1.2) is an important 
adaptation for this organism. 
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The nervous system is a complex array of 
specialized structures which serve to receive, 
store, and transmit information — thereby inte- 
grating the activities ot spatially separated 
cells tissues, and organs and making it possible 
for a multicellular organism to function as a 
coordinated unit in terms of growth, develop- 
ment, the abilitv to do work, and to adapt to 
changes in the environment Our efforts to 
understand the function of the nervous system 
involve the concepts and languages of many 
disciplines ranging from mathematics and 
phvsKs to the physiology of human beings in all 
of their complexity In this chapter, however, 
we will 1)0 concerned primarily with the genera- 
tion and propagation of the impulses which 
constitute the currencv of all neural transac- 
tions 

The Structure of i^ervous Tissue 

THE NEURON 

The neuron consists of a body (soma, peri- 
karvon), and t|vo types of process— -the dendrite 
and the axon iaxis-cvlmder process, Fig 1 22A 
In vertehnites, the bodies of the nerve cells he 
within the grav matter of the central nervous 
system or in outlying ganglia, e g , posterior 
spinal root, cranial, or autonomic ganglia The 
white matter of the brain and spinal cord and 
of the peripheral nerves is composed of bundles 
of nerve fibers, The core of each nerve fiber is 
formed by a proems of a nerve cell, and many 
of them are surrounded by a sheath of myelm 
which gives them a white appearance The gray 
matter receives a rich blood supply from the 
vesseLs of the pia mater; the blood supply to the 
white substance m much less profuse 

There are a number of different types of 
nerve cell; thc»e m which axon and dendrite 
arise by a common stem are called unipolar, 
and those m which the axon and the dendrite 
or dendrite^ spring from opposite or at least 
different pits of the soma are called bipolar or 


multipolar The cell bodies or somata are of 
various sizes and forms — stellate, round, py- 
ramidal, fusiform, etc 

After fixation and staining by special tech- 
niques, various structures are seen in the cyto- 
plasm or perikaryon of the nerve cell body I) 
neurofibrils, 2) Nissl bodies or tigroid sub- 
stance, 3) Golgi apparatus, 4) mitochondria, 
5) ribosomes, and 6) the endoplasmic retic- 
ulum (see also chap 1) Electron microscopy 
has revealed much of the detailed structure of 
these intracellular entities Their structure and 
function appear to be the same in all cells 
studied so far Mitochondria, found along the 
entire length of the axis cylinder, contain all 
the enzymes required for the respiratory ac- 
tivity of the cell, and are therefore, responsible 
for those functions dependent upon aerobic 
metabolism They also participate in protein 
synthesis but the relationship of this to neural 
function is not yet clear The neurofibrils ap- 
pear as fine filaments which stream through the 
cytoplasm from dendrites to axon (Fig 1 22B), 
they enter the latter process and extend to its 
terminations The Nissl bodies composed of 
ribonucleic acid (RNA) and polysomes are 
granular masses stamable with basic dyes and 
occur m the perikaryon and dendrites but not 
the axon They give a striped or tigroid appear- 
ance to the cell They are absent from the re- 
gion of origin of the axon (axon -hillock) and 
vary m size and number with the state of the 
neuron, they undergo disintegration (chromatol- 
ysis) in a fatigued or injured cell or m one 
whose axon has been sectioned This means 
that the synthetic machinery of the perikaryon 
IS at least partially regulated by events m the 
peripheral processes of the cell The nature of 
this feedback control is not known The in- 
ternal reticular apparatus of Golgi is a coarse 
network seen within the cells when special 
methods — e g , impregnation with silver 
chromate — are employed which leave the Nissl 
bodies and the neurofibrils invisible 
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The nucleus of the nerve cell contains one 
and sometimes two nucleoli but, as a rule, no 
centrosome The absence of a centrosome indi- 
cates that the highly specialized nerve cell has 
lost its power of division Nerve cells once de- 
stroyed are replaced merely by neuroglia 
The linking together of neurons to form con- 




Fig 1 22 A Showing different parts of the neuron 
B Showing neurofibrils in a cell from the anterior gray 
column of the human spinal cord ax axon hi inter- 
fibrillar spaces n nucleus x neurofibrils passing from 
one dendrite to another / neurofibrils passing through 
the body of the cel! (from Ranson after Bethe and 
Heidenhain) 


ducting pathwdNs is et tec ted h\ the contact 
(but not union) of the axon terminal of one 
nerve cell with the bod\, dendntu process or in 
some instances, the axon ot <uiothei Such a 
junction, without anatomical continiut\ is 
called a synapse 

Though the neicc' cell tiecpientK possesses 
more than one dendiite the axon is single i'he 
axon ma\ be long and contiihute to one of the 
tracts ot the central nercous s\stem tonning the 
white matter, or it nuu terminate iis a periph- 
eral nerve fiber Such ceils aie leteued to as 
Golgi I type In the (hiigi II t\pe cell, the axon 
IS short and ends within the gra\ matter h\ 
making contact with another neiuon The <i\on 
arises from a small elevation on thc^ suitacc' ot 
the cell body, the axon hillock It niav give ott 
short collateral branches oi run as an un- 
branched fibei, not dividing until it has 
reached its destination The dendrite* is the 
receptive process ot the neuion, the axon is the 
discharging process, le, the tormei transmits 
the impulse toward the cell hodv and the latter 
away from the cell boclv Within the central 
nervous system the dendrite is usuallv short 
and possesses manv branches, but in t!ie pe- 
ripheral sensory nerves it is comparable in 
length with an axon Nerve fibers which carrv 
impulses to the central nervous system are 
termed afferent, those conveving impulses from 
the central nervous system to the periphery me 
called efferent A mixed nerve contains fibers 
of both types The fact that conduction is uni- 
directional IS a consequence of the properties of 
synapses, for nerve fibers per se can be made to 
conduct in either direction 

As with other cells, the cvloplasm of the 
soma IS enveloped by a plasma or unit mem- 
brane composed ot lipoprotein, a bimolecuiar 
leaflet of lipid material covered by a layer of 
protein This extends over the processes of the 
nerve cell The electrical properties of nerve 
depend upon the plasma membrane 

THE NERVE FIBER 

The white matter of the central nervous 
system and the peripheral nerves are composed 
of thousands of individual nerve fibers Within 
the gray matter the axis cylinders are enclosed 
only by the plasma membrane; but upon 
leaving the gray substance they acquire a 
sheath of lipid material called myelin, The 
myelin sheath is associated with somatic nerves 
of large diameter and generally not with any 
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nene fibers of small diameter Hence, we 
bpefik of mvehnated (medullated) or unmye- 
linated runniedullated) nei\es^ Myelinated 
fiheis, usualK larger than 1 p in diameter, con- 
duct tastei than the smaller unmyelinated 

fibers 

The nnchn she<ith of the somatic nerves con- 
sists of compressed la\ers of Schwann cells spi- 
raling conientrualK to form a v\ rapping around 
the axons 'Fhe outer laver of the mvehn con- 
puns the flattcmed nuclei of the Schwann cells, 
and IS ternuui the neurilemma or sheath of 
Sc hu an n Mvehnated nerves appear as if con- 
strided .u regular intervals along their course 
This appe<irame is due to the absence of 
mvehn at thc‘se points and the dipping inwards 
of tlu‘ neunlemma thev are known as the 
nodes of liuivier The segments between the 
nodes Viirv in length m different nerves, but 
the usual inleinodal distance is about 1 mm 
Kach intei nodal s{‘gment of the neunlemma 
consists of a single Schwann cell The fibers 
forming tlie white* matter of the central nervous 
svstem «in(i optic nervc*s have no neunlemma, 
this nuunbraiH* is replaced bv glial cells which 
produtx* tht* mvehn sluviths as the Schwann 
c’eils do peripherallv 

(Tmpari*d with the mvcdin sheath the neuri- 
lemma in the region of the node of I^nvier is 
highlv permeable to ions There is good evi- 
dence that the conduction of the impulse along 
a mvehnated nerve is a ^leaping’" from node to 
nodi* over the- mtersegmental regions rather 
than a esmtmuous proc’ess This type of conduc- 
tion IS Mltiitorv (from the I>atin word 

sai!u\, a leafnngf 

Mytdination of Fiber Tracts m the Cen- 
tral IMervous System The nerve fibers m the 
Viinoiis c undue! ing pathways receive their 
nivelm sheaths at liifferent ages and it is gener- 
al!> heheved that the mvelmation of a given 
tract and the time at which it commences to 
him f ion eoiiidde, The sensory tracts become 
mvehmitcH! first, those of the posterior columns 
of the spmal cord between the 4th and 5th 
months of fetal Ide (human) The spinocere- 
bellar true Is are myelinated later and the motor 
paths, e g , eorlicospinal (pyramidal) tracts, do 
not begin to be invested with myelin sheaths 
until the 2nd month of life and are not com- 
pletely mvehnated until about the 2nd year, 
about the time when the child has learned to 
walk. The fibers of association paths, for the 
nioHt purl, myelmate at still later dates The 


function of the myelin sheath is not known, but 
the high insulating property of myelin suggests 
that it acts to confine the nerve impulse to in- 
dividual fibers and thus to prevent cross stimu- 
lation of adjacent axons 

The neuroglia or “glia” (Greek, glue) is a 
special t 3 T)e of interstitial tissue Its cells are of 
three kinds, astrocytes, oligodendrocytes and 
microglia The microglia appear to have a 
phagocytic role since they wander into the cen- 
tral nervous system from the meninges and 
blood vessels, and increase in number during 
inflammatory processes The astrocytes are 
found surrounding blood vessels and are 
thought by some to make up the blood-brain 
barrier Evidence has been obtained that the 
oligodendroglia are involved m the formation of 
the myelin layers around axons within the cen- 
tral nervous system Since it has been shown 
that the extracellular space of the central 
nervous system is very small, the glia appear to 
have permeability properties which enables 
them to function as a special kind of extracel- 
lular “space ” 

DEGENERATION AND REGENERATION 
OF NERVE 

When a peripheral nerve is cut, the part of 
the nerve separated from the cell body shows a 
senes of chemical and physical degenerative 
changes At the same time the fibers of the 
proximal stump of the nerve, those still at- 
tached to their cell bodies, grow distally toward 
the separated part of the nerve, these changes 
constitute the process of regeneration (Fig 
1 23) 

Degeneration. The degenerative period may 
be divided into an early and late phase Shortly 
after the nerve has been sectioned, the axis cyl- 
inder swells, the myelin sheath begins to form 
beadlike structures and a series of enlargements 
(round, fatty fragments) appear '^The axon 
breaks up and its parts are devoured by macro- 
phagesi Up to 3 days after section, the distal 
nerve will continue to conduct an impulse^/ 
Changes in the action potential can be ob- 
served as early as 2 days after section After the 
3rd day, the ability of the nerve to conduct has 
seriously deteriorated and after the 5th day, an 
impulse can no longer be evoked JThe first pe- 
riod (3 to 5 days) is one m which the obvious 
changes m nerve are largely structural Changes 
in the ultrastructure of the myelm sheath can 
be shown to occur during this period, as well as 
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Fig 1 23 Degenerating nerve stained with osmic acid 
A shows appearance of distal segment of nerve fiber 2 
days after section note large masses of myelin derived 
from medullary sheath B 5 days after section smaller 
myelin particles together with droplets of fatty acids and 
fragmented neurofibrils C retrograde degeneration in 
cell body disintegration of NissI bodies 

changes m the endoplasmic reticulum, mito- 
chondria, neurofibrils, and the plasma mem- 
brane 

Up to the 8th day, little or no changes m 
lipid histochemistry may be detected, although 
changes in nerve cholinesterase and failure in 
the ability to synthesize acetylcholine have 
been demonstrated about the 3rd day The 
lipids appear to maintain their original chem- 
ical structure From the 8th to the 32nd day 
after section, the myelin gradually disappears, 
while Schwann cells and macrophages have 
both increased greatly in number Why the 
myelin breaks down is not clear It has been 
suggested that the macrophages and Schwann 
cells secrete enzymes which aid in the destruc- 
tion of myelin The principal myelin lipids are 
free cholesterol, and two lipids containing 
sphingosine cerebroside and sphingomyelin'^ At 
the time of the disappearance of the myelin, 
cholesterol esters appear m large quantities and 
free cholesterol disappears 
The changes just described are generally 
known as Wallerian degeneration In addition 
there are other changes that occur in the 
neuron on the proximal side of the section (ret- 
rograde degeneration) The nerve fiber as far 
centrally as the first node of Ranvier shows 


changes similar in nature to those just de- 
scribed In the cell b()d\ itselt swelling oi the 
cytoplasm and nucleus occurs and the Nissl 
granules undergo disintegration (c hromatohsis) 
Atrophy of the cell bod\ mav uitimatelc result 
Regeneration. Following section oi a ner\e, 
the fibers in the central stump !)egm to send 
out branches consisting of outgrowths of the 
axon near the cut tip Up to 50 iiranches may 
sprout from a cut axon At the same time, there 
IS a rapid proliferation oi the Schwann (’ells If 
a gap larger than 3 mm exists hetw^een the 
central and peripheral stumps, the fibers tend 
to mtermesh and form a turnordike swelling 
called a neuroma In such an event regenera- 
tion will probably ne\er occur For this reason 
it IS necessary to )om accuratcK hv suture the 
proximal and peripheral stumps If the nc‘u- 
roma is composed of sensory fibers it m<iv he 
very painful to pressure, often a troublesome 
complication following amputation When pe- 
ripheral degeneration has proceeded for enough 
time so that the peripheral stump contains only 
empty neunlemmal tubes, one of the out- 
growing sprouts enters a tube and grows to 
form a new axon Only one of the many sprouts 
enters an empty tube The ability of axons to 
grow into a peripheral stump has led some 
observers to invoke a special chemical attnu- 
tion between the nerve fiber and the terminal 
organ This is the doctrine of neurotropism No 
direct evidence exists for such an attractive 
force 

The rate of growth of regenerating nerve is 
from 1 to 4 mm /day It has been established, 
m a variety of experiments, that there is a flow 
of axoplasm down the normal nerve at about 
the same rate This axoplasmic flow is accom- 
panied by the movement of protein and nucleo- 
protem However, it is not known what role 
axoplasmic flow has m the regeneration of 
nerve 

Principles of Bioelectricity 

It will be recalled that the practical unit for 
quantitation of charge is the coulomb which 
equals 6 2 x 10 electrons. A positive charge 
results from the removal of electrons from a 
neutral body, as when one electron is removed 
from the neutral sodium atom to form a sodium 
ion 

An electric field exists m the space around a 
charge and extends to infinity The strength of 
this field IS measured by the force which would 
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be exerted on a unit positive charge placed at a 
point in the field The intensity of the field 
decreases inverselv as the square of the distance 
from the charge (Coulomb’s Law) In order to 
move a charge m the field, work must be per- 
formed against the field Thus, it takes work to 
move a positive charge up to a region where 
another positive charge is situated and the po- 
tential at an\ point in the field is defined as 
the \cork that must be done on a unit positive 
charge to move it up to that point from an infi- 
nite distanc'e This is the absolute definition of 
potential which is seldom necessary in practice 
llie significant cjuantitv in experimental work 
IS the difference in potential between two 
points which IS defined as the work necessary 
to mo\t‘ d unit charge from one point to the 
other I'he work is measured in joules The 
practical unit of potential difference is the volt, 
I e the {Kitcmtiai difference against which 1 
joule ot woik IS done in the transfer of I cou- 
lomb 

THE ORIGIN OF POTENTIALS 

A difft*rc‘iuc‘ m potential is associated with a 
flow of current in a medium (e g , electrons in 
metal condurtors and charge-carrying ions in 
solutions of cdectrol'V’tes) The current flow re- 
C|Uirc‘s ent*rg\ since it encounters resistance in 
tlie nu‘dium The relationship between E, the 
potcmtial difference (m volts), /, the current (in 
amperes which ls the s<ime as coulombs per 
sc*eoiuh and E, the resistance (in ohms), is 
gi\en bv Ohm’s law as follows, E ~ IR In 
order to produc'c electrical currents, special 
sourcts of eiecTruvd energy are available such as 
the hatterv and generator Such sources of en- 
ergy are said to produce an electromotive force 
or emf In solutions, electrical energy is pro- 
duced h\ tliernu'ai reactions which result in the 
separation of charge at electrodes Other 
of eiier^fy produce separation of charge 
b\ the flow of ams from solutions of high con- 
rentratmn intt^ solutions of lower concentra- 
tion, such sepration of charge itself consti- 
tuting II fcjrm cd' stored energy which is mam- 
fest as a difference m electrical potential 

'Two soiirtt*s of energw are important m un- 
derstiuHiuig the origin of biological potentials, 
them* sources give rise to emfe called electrode 
or wnerntnitum f>otentials and diffusion or 
mtmbrtme potentials, Ckincentration potentials 
arise in ever\’ measurement of potential differ- 
ence in Holutimi and are generally to be avoided 


in biological measurements They arise when- 
ever an electrode consisting of an electrolytic 
salt is dipped into a solution containing an ion 
m common with the electrode Thus, an elec- 
trode made of silver and coated with silver 
chloride inserted into a solution of sodium chlo- 
ride will produce a potential difference between 
the electrode and the solution The silver dis- 
solves in the solution as silver ion, Ag**", leaving 
the electrode negative The positive Ag"^ ion 
remains at the electrode, forming a double 
layer of charge with the negative electrode 
Charge is therefore separated at the electrodes 
If two such electrodes are set up, each dipping 
into a different concentration of sodium chlo- 
ride (a concentration cell) double layers will be 
set up at each electrode, but the double layer at 
one electrode will be more densely charged 
When two such electrodes are connected by a 
wire, a current will flow The emf produced 
between the two electrodes can be calculated 
from the Nernst equation for the concentration 
cell, 

£ = 2 303 (RT/F) log (C,/C,) 

where the electrolyte is univalent R is the gas 
constant (1 99 cal /mole/°C), T the absolute 
temperature (°K), F the Faraday, (23,050 
cal /v /mole, 96,494 coul /mole), and are 
the concentrations of electrolyte m each solu- 
tion Note, that according to the formula if the 
concentrations are equal in each solution, the 
emf IS zero The method of producing a concen- 
tration cell is shown in Figure 1 24 

Diffusion Potentials. Let us place two solu- 
tions containing different amounts of NaCl in 
contact by means of membrane freely perme- 
able to the electrolyte An emf whose origin is 
quite different from that of the electrode poten- 
tials we have discussed will arise at the mem- 
brane The potential difference arises from the 



Fig 1 24 A concentration cell Both solutions con- 
tain sodium chloride The partition between the com- 
partments IS freely permeable to water and salt 
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diffusion of ions across the membrane or at any 
junction between such solutions The\ are 
therefore called diffubion, membrane or junc- 
tion potentials The sodium chloride in the so- 
lution near the membrane tends to diffuse 
across into the other solution, the sodium ion 
diffusing faster than the chloride ion The emf 
at the membrane depends upon the rates (mo- 
bilities) at which the sodium and chloride ions 
move and the relative concentration of sodium 
chloride Since Na+ diffuses faster than Cl , a 
separation of charge is produced, the solution 
into which a net flow of Na^ occurs becoming 
positive At biological membranes, somewhat 
special hindrances to the movement of ions are 
present Potassium and chloride usualK diffuse 
at the same rate in solution, however, the 
ability of chloride to move across the cell mem- 
brane IS more limited than that of potassium 
Under these circumstances, potassium diffuses 
ahead of chloride and an excess of potassium 
ions appears on one side of the membrane Al- 
though the excess is small, it is sufficient to set 
up an emf or potential difference so that the 
solution containing the lesser concentration of 
potassium chloride becomes positive to that 
containing the higher concentration There is, 
m effect, a greater loss of potassium from the 
more concentrated to the less concentrated so- 
lution The more concentrated solution be- 
comes negative since it has lost positive charge 
The concentration of K *■ increases until the 
emf has become sufficiently negative to keep 
any further K'^ from diffusing across the mem- 
brane The diffusion potential at a membrane 
is given by a formula similar to the Nernst 
equation in which the latter has been modified 
to take into account the mobilities of the ions 
The equation is 

E ^ [{u- v)/{u -f u)l 2 303 (RT/F) log (CJC,) 

where the electrolyte is univalent, u and v are 
the mobilities qf the cation and anion respec- 
tively, 1 e , the rates at which the ions move 
under unit field strength in solution The re- 
maining symbols are the same as those in the 
Nernst equation Note that when the anion and 
cation mobilities are equal, u == u, and the emf 
is zero 

Transmembrane Potential In recent years, 
methods have been developed for measuring 
the potential difference across the cell mem- 
brane at rest and during the activity associated 
with impulse generation and propagation In 


some cells, such as the giant axon of the squid 
it is possible to inseit an elettrodc* into tlie 
bodv of the axon down its length and h\ 
placing another electrode outside the tell to 
measure the transmembrane potential ciiicxtK 
In other cells, wheie this ttxhniqiu' is not foiisi- 
hie, another method is used A gl<iss (apilLirv is 
drawn out to a fine tip less than I jl in dunn- 
eter The capdlarv is filled with Ndunited K(d 
or NaCl and serves as a muioelectrodt^ It is 
inserted direct K into the soma, mustie fthei or 
even peripheral nerve fiber The popmtial dif- 
ference IS measured between the muroehx tiode 
and a large nonpol*in/ahle (deitiodi* ((on 
nected via a KCl bridge) located outside the 
cell, this IS the transmembrane potcmtia! Siuh 
a method alwa\s nnolves the possihihtv that 
the injury caused bv the jiunctine will rt‘suli in 
a gradual fail in the potential ^md death of the 
cell The membrane potentials of \aru*tv of 
cells are shown m Table 1 1, thev range* from 
61 to 91 mv with the cell interior negative* in 
relation to the external medium 


THEORY OF THE MEMBRANE 
POTENTIAL 

The original theory of the* memhninc* poten 
tial, largely valid today in broad outline, was 
first enunciated bv Bernstein (1912) at the turn 
of this century It is well known that the con 
centration of potassium is much highei inside 
cells than outside Table I 5 givc‘s tlie value of 
the ratio of inside to outside corn entrations for 
potassium and other important ions in various 
tissues The latios for K* varv from 22 to 68 
Bernstein maintained that the membrane po^ 
tential was the result of the cnitward diffusion 


Table 1 4 

Resting and action potentials 


Tissue 

Resting 

Potential 

Ac t inn 
Potentni 


m V 

mv 

Lohgo axon 

61 

96 

Sepia axon 

62 

122 

Caremus axon 

82 

134 

Frog myelinated nerve fiber 

71 

116 

Frog striated muscle fiber 

88 

119 

Frog cardiac muscle fiber 

70 

90 

Dog cardiac muscle fiber 

90 

121 

Kid cardiac muscle fiber 

94 

135 
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Table 1 5 

Ionic content of nerve and muscle cells 


Tissue 


Sodium 

Potassium 



Chloride 

In 

Out 

Ratio 

In 

Out 

Ratio 

In 

Out 

Ratio 


m M 

mM 


mM 

mM 


niM 

mM 


(^drcinus nerve 


460 


380 

10 

38 


540 


Care mils nerve 


460 


230 

10 

23 


540 


Frog nerve (Nov ) 

37 

120 

0 31 

110 

2 5 

44 


120 


Frog nerve (Mar ) 




170 


68 




Frog sartorius muscle 

15 

120 

0 12 

125 

2 5 

50 

1 2 

120 

0 01 

Fiog sartorius muscle 

26 

120 

0 22 

115 

2 5 

46 

11 

120 

0 092 

ITit caidiac muscle 

13 

150 

0 087 

140 

2 7 

52 


140 


Dog skeletal muscle 

12 

150 

0 08 

140 

2 7 

48 


140 



Ionic fluxes of resting membrane 


/x/i mole cm ^ sec ^ 


Sepia axon 

61 


17 

58 




(11) 

(33) 

Care inus axon 



19 

22 

Frog sartorius muscle 

13 

16 

7 

5 

Fiog sartonus muscle 


5-10 


20 

Frog abdominal muscle 


5 

10 

10 

Frog ext long dig 

IV 


4 

5 


nuis( le*' 


KxletiMH longus dif^itorum 


(){ potdssmm ions irom the cells Since the rest- 
potential IS a chhusion potential in which 
the inol)ilit\ of the thlonde anion was taken as 
/eio and sodium was also piesumed to be un- 
able to penetiate the cell, the magnitude of the 
memhiane potential can be calculated from the 
foimula for the diffusion potential in which v 
0 11k‘ formula reduces to that of Nernst, 

E 2 i </r/V/d log 

I^artial verb mat ion for this theory has been 
obtained bv Hocigkm and Huxley (1952b) in 
sevenil experiments in v;hich the external po- 
tassium concentration was varied and resting 
potential of the squid axon measured It was 
shown that the resting potential varied directly 
with the logaiithra of the external concentra- 
tion of potassium over a wide range Table 1 5 
shows that the sodium is largely present outside 
cells The resting potential, V,, was shown to 
be independent of the external sodium concen- 
tration, tn a series of experiments 

on the squid axon m which [Naomswe] was 
varied over a wide range with no effect on V,. 
Similar findings have been encountered in ex- 
periments on frog cardiac and skeletal muscle 


IONIC DISTRIBUTIONS AND THE 
MEMBRANE POTENTIAL 

If no other ion but potassium could penetrate 
the membrane, the membrane potential would, 
as noted above, be given by the equation for a 
diffusion potential in which the anion mobility 
IS zero The resulting equation is then equal 
to the Nernst equation for a concentration cell 
Actually, however, potassium does not pass 
through the membrane alone, there is always 
some flux of the sodium and chloride ions Two 
schemes for the membrane potential have been 
proposed to take into account the flow through 
the membrane of ions in addition to potassium 
These are the Goldman equation and the 
Hodgkin-Huxley equivalent circuit for the 
resting membrane Tests of these equations are 
usually made by plotting the membrane poten- 
tial against the external potassium concentra- 
tion and observing how closely the equations 
agree with the experimentally derived curve 
All the equations, the Nernst relation included, 
are satisfactory over some range of potassium 
concentrations v 

In order to understand the derivation and 
significance of the Nernst equation, let us con- 
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sider the problem of moving an ion in a solu- 
tion in which a potential difference is present 
Work must be done with or against two forces, 
the electrical field, and any concentration dif- 
ference in the ions Thus, both "electrical" and 
“concentration” work must be performed The 
electrical work (in joules) necessary to move I 
mole of a univalent ion (i e , one equivalent) 
against a potential difference, E (m volts), is 
given by the expression work FE, where F 
is the Faraday (96,494 coul /mole) The concen- 
tration work required to move a mole of ion 
from a concentration to a higher concentra- 
tion C 2 is given by the expression work - 
2 303 RT log Ca/Cj where R is the gas constant 
and T the absolute temperature The total work 
IS given by the sum of the electrical and the 
concentration work, or work = FE 2 303 RT 
log C 2 /C 1 When the system is at equilibrium, 
the work required is zero (this is the definition 
of thermodynamic equilibrium) and the poten- 
tial difference is given by the Nernst equation, 

F - 2 303 {RTfF) log {CJC) 

The physical interpretation of this equation is 
that the tendency of an ion to diffuse down its 
concentration gradient is countered by the 
buildup of an electric field at the junction of 
the two solutions The direction of the field is 
such as to hold back the ion from further move- 
ment Note also that it is only necessary to 
move a very minute number of ions m order to 
produce the restraint required to obtain equi- 
librium of electric and concentration gradients 
As an example of an application of the Nernst 
equation, we calculate the transmembrane po- 
tential difference which might exist m frog 
muscle on the assumption that the muscle cell 
membrane is permeable only to K+ The in- 
ternal concentration of potassium is 155 
mEq /liter, the external concentration is 4 
mEq Alter Substituting these values into the 
Nernst equation at a temperature of 27° C, we 
obtain for the potential difference, 

E - (2,303 (8 2) (300)796,500) log (4/155) 

= — 95 mv 

The Goldman equation will not be derived 
here However, in the derivation, the assump- 
tions are made that the total flow of current 
through the membrane is zero, that is, that the 
flow of negative charges is equal to the flow of 
positive charges, and also that the drop in po- 


tential across the memhuine is linear Tsing 
these assumptions it lan he shown th<it the 
resting potential will be given h\ the i elation 

RT , /K’k • /^ 1 

K 2 303 — log ~ — 

F P (' , (' T" 

i U * i \i 

In this equation R, 1\ and F have their usual 
significance P represents the poimeabihtv of 
the membrane to the ion and the superstTipt 
‘O’ above the com entiat ion i lepre 

sents the concentration outside the cell, the 
unlabeled (\ the concentnition within the 
When the permeabilities to \a ^ and C\ iire 
taken to be zero, the et|uation teduces to the 
Nernst equation If penne*ihilities are assumed 
to have the rat 10 /? j 1 0 01 0 15 the 

emf of the membrane as given hv the c^cpiatam 
agrees rather well with the value nuMsured in 
the squid axon, and the lesting membrane po- 
tential agrees well with the eakailated value 
over a more than 5()-f()ld variation of concen- 
tration of external potassium 
The Hodgkin-Huxlev equivalent circuit c’on- 
stitutes a third approach to tlie analvsis of tlie 
nerve cell membrane potential The membrane 
lb assumed to contain separate channels 
through which each of the ions pass without 
interference from the others I'he total elec”- 
tncal current flow through the membrane is 
again aswsumed to be zero Each ion, in passing 
through its channel, encounters resistance* to its 
movement through the membrane Three such 
channels are shown, one for Na*, K\ and (3 
(Fig 1 25), each is represented bv a liatterv 
(equilibrium potential) whose emf is <‘al(mlated 
from the Nernst relation and whose opposition 
to current flow is shown as an electrical resist- 
ance Often the reciprocal of resistance, the 
conductance (g), is used to represent the 
channel permeability If the total current from 
the membrane is zero, it can be shown that the 
membrane potential, E, resulting from the 
three emfs m parallel is given by the equation 

^ ^ E^gK + + Eiigii 

gtih t gK 1 gn 

The g’s represent the conductance of the mem- 
brane, they correspond approximately to the 
permeabilities to each ion. The emfs are the 
equilibrium potentials for each ion Thus, m 
frog muscle the equilibrium potential for potas- 
sium is -95 mv , for sodium 4-65 mv , and for 
chloride —95 mv , values which have been cal- 
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Fsg 1 25 The Hodgkin-Huxley equivalent circuit for 
the membrane The symbols E represent the equilibrium 
potentials as determined for each ion from the Nernst 
equation The symbol q represents the conductance of 
each ion 

culated lor each ion from the Nernst equation 
and the concentration of ions inside and out- 
side the cell Assuming further that the potas- 
sium conductance is 100 times greater than the 
Na and Cl conductances (i e , that gK = 100 

100 Si \), which is approximately true 
for frog muscle, we obtain for the emf across 
the membrane, 

-95(ff) + 65(ff/100) 4- (-90) (g/100) 

g -f g/100 -f ^/lOO 

or —95 mv , a value very close to the actual 
membrane potential The Hodgkin-Huxley 
equivalent circuit will prove very important in 
discussing the mechanism of the action poten- 
tial m later sections 

Excitability and Conductivity 
of the Nerve Fiber 

The generation and transmission of a nerve 
impulse involves two conceptually independent 
but operationally related processes, excitation 
and conduction 

When a nerve is stimulated, electrical events 
which are not propagated occur in the mem- 
brane m the vicinity of the electrodes If the 
local events have particular characteristics (de- 
scribed below), the membrane potential under- 
goes an abrupt change, termed the action po- 
tential, which is self-propagated along the 
axon Excitation refers to the events leading to 
the generation of an action potential, conduc- 
tion refers to the propagation of the action po- 
tential which proceeds away from the site of 
excitation, much as a wave travels m a taut 
string It IS fundamental that nerve may be ex- 
cited anywhere along its length and propaga- 
tion IS away from the point of stimulation in 
both directions However, when a junction (syn- 
apse) intervenes between nerve fibers m the 
mammalian nervous system, then propagation 


can only continue in one direction Experimen- 
tally many different kinds of stimuli (electrical, 
thermal, mechanical, chemical) may be utilized 
to excite nerve or muscle, however, all of those 
stimuli operate by depolarizing the nerve fiber 
Since electrical stimuli of any intensity, shape 
(wave form) and duration may be easily pro 
duced both accurately and repetitively, this 
form of stimulation is used universally to study 
the phenomena of excitation and propagation 
Moreover, the nerve impulse is electrical in 
nature and many of its effects as an excitatory 
agent can be simulated by the electrical stim- 
ulus 

CHARACTERISTICS OF THE STIMULUS 

Nerve responds to electrical stimulation pro- 
vided that the electrical stimulus fulfills certain 
specific criteria It must be of sufficient inten- 
sity and duration to reduce the transmembrane 
potential from its resting value to a critical 
voltage which, when achieved, results in the 
development of a propagated impulse This 
reduction in membrane potential is termed 
depolarization, and the critical voltage required 
for impulse propagation is termed the threshold 
voltage or critical firing potential The relation- 
ship between the intensity and duration of the 
initial stimulus is further discussed below A 
current just adequate to cause an impulse is 
called a threshold stimulus Intensities below 
threshold are referred to as subliminal Thresh- 
olds vary only slightly if the temperature and 
external ionic composition are maintained con- 
stant 

Another characteristic of the stimulus is its 
rate of rise If the current is increased too 
slowly the nerve will not respond Figure 1 26 
shows two linearly rising currents one of which 
IS able to reach threshold The other current 
rises too slowly and the nerve is able to accom- 
modate to the passage of the current Accom- 
modation, therefore, consists of a rise in 
threshold of the tissue during stimulation To 
minimize accommodation, it is convenient to 
employ stimulus currents which rise extremely 
rapidly Two such stimuli are shown in Figure 
1 27, the square wave and the exponential 
pulse 

Even the rapidly rising pulses of Figure 1 27, 
if too short in duration would not result in an 
impulse The two properties, intensity and du- 
ration obviously interact and it is therefore 
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important to be aware of the relationship be- 
tween the threshold stimulus intensity and the 
duration of the stimulus— the ^trength-dwation 
relationship 

For this purpose, the following kind of exper- 
iment IS usually performed A stimulus of a 
fixed duration, e g , 1 msec , is applied to a 
nerve through two electrodes one of which is 
the cathode ( — ), the other the anode (+1 The 
threshold stimulus is determined by increasing 
the current until a response is obtained — at the 
particular duration selected A series of other 
durations are selected and the thresholds deter- 
mined The thresholds obtained at each dura- 
tion are plotted as a function of the duration 
The curve so obtained is called the strength- 
duration relationship for nerve (Fig 1 28) 

The curve is accurately described over most 
of its course by the empirical relationship / -= /„ 
(1 — where 4 and k are constants, t 

IS the stimulus duration and I the threshold 
current For short durations, in which accom- 
modation IS presumably slight the relation is 
approximated by the equation, It ~ constant 



Fig 1 26 A schematic representation of the effect 
of rate of rise of current Curves 1 and 2 represent two 
stimuli with different rates of rise Stimulus 2 never 
reaches threshold (dashed line) Stimulus 1 attains 
threshold 


IK. 

2 3 4 
Time (msec) 


Fig 1 27 Two commonly used stimuli a rectangular 
pulse [left) and an exponential pulse [right) 



Fig 128 Strength duration curve ( hron c hron.ixie 


This relationship mav be interpri'ted as iollous 
The current / is the charge per unit timc^ which 
IS placed on the membrane in d tune t I'he 
product of the current and tune, is thendoic^ 
equivalent to a constant charge I'he ecfiuition 
implies that a critical amount of c'hargt^ must 
be placed on the memlirane, whatecca the cut 
rent or duration 

What is the meaning of this cntical amount 
of charge'^ Placing a charge on the membrane 
bv an appropriately oriented stimulus current 
reduces the net charge on the memhr<uu\ i e , 
part of the charge on the membrane is neutral- 
ized Such a partial neut rah/at ion of enlarge is 
equivalent to a depokirizatum of the meun- 
brane, i e , to a reduction m the membrane 
potential from its resting negative value toward 
0 Increased polarr/ation or hxperpalanzation 
results in an increase in the membrane poten- 
tial, le, increasing negativity Depolarization 
decreases the stability of the membrane, livper 
polarization increases its stability 

A feature of excitation discovered cfuite csirlv 
was the fact that the nerve impulse originated 
at the cathodal stimulating electrode, i e , at 
the negative stimulating electrode Figure 1 29 
illustrates the lines of current that flow into 
and out of the electrodes At the cathode, the 
current flows outward through the membrane, 
at the anode, where current is flowing inward, 
excitation is hindered Continuous current 
flowing into the nerve depolarizes the mem- 
brane m the vicinity of the cathode and hvper- 
polarizes it m the vicinity of the anode Thus, 
it is easier to stimulate a nerve in the vicinity 
of the cathode because the membrane potential 
has been lowered, conversely, at the anode, the 
membrane potential is increased and higher 
currents are required to excite the underlying 
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tissue These effects of direct current on the 
excitabilitv of ner\e and muscle are referred to 
as electiotonic phenomena, the depolarization 
at the cathode is referred to as catelectro- 
tonus, and the h\perpolarization at the anode 
anelectrotonus 

SUMMATION AND THE LOCAL 
EXCITATORY STATE 

The application of a brief subthreshold stim- 
ulus has a residual effect on nerve even though 
an impulse is not elicited This residual effect 
IS revealed b\ the fact that the application of a 
second subthreshold stimulus within a milli- 
second can elicit a resp)onse The longer the 
interval bcTvceen the two stimuli, the more in- 
tense the second stimulus must be to yield a 
response The important point, however, is the 
fact that two subthreshold stimuli can sum 
then effect on the nerve membrane so that a 
responst‘ is evoked The interpretation of this 
e\perinu‘nt is that the first subthreshold stim- 
ulus pioduccN a change in the membrane po- 
tenthil whuli lasts for a millisecond or more 
and that this change facilitates the effect of a 
second stimulus The change in the membrane 
caused hv the first stimulus is referred to as the 
“lo(<d (‘xcitatorv state” in the vicinity of the 
electrode* It is a nonpropagated response of the 
membrane which is associated with the depo- 
lan/iition of the membrane m the region of the 
cathcnic* <see below) 

The Local Excitatory State. The experi- 
ments on suhthreshold summation and the 
eiedrotoiuc properties of nerve led to the ex- 
pc*ct<ition that the membrane potential should 
be decr<‘ast‘d in the vicmuv of the cathode, and 
indeed, this expectation has been affirmed by 
direct c*\penments m which the changes in 
membrane potential were measured m the vi- 
cimtv of the* cathode and anode 



Ifiusfrsnog the passage of direct current 
through tissue Aftc^e is ctefmed as the electrode which 

cyrrifii mio tissue 



Fig 1 30 Equivalent circuit of a nerve (radius 1 p) 
considered as an electric cable Rext is the resistance of 
1 cm of the external medium generally low /?,nt is the 
resistance of 1 cm of the internal axoplasm (10’^ ) and 

/?m IS the resistance of 1 cm of the membrane to radial 
currents — of the order of 10^° 12 The capacity C is 10""^ 
/Lifd for 1 cm of nerve 

It IS necessary first to consider the purely 
passive changes in the membrane potential 
which result from the fact that nerve has the 
properties of an electric cable, namely electrical 
resistance and capacitance (the ability to store 
charge) The capacitance, C, is defined as the 
charge, Q, which must be placed on two sur- 
faces in order to produce a unit potential dif- 
ference, V, between them (C = Q/V) The 
units of C are farads when Q is expressed in 
coulombs and V in volts The capacitance of 
the nerve membrane is 1 pf /cm ^ 

For each unit length of nerve, there is also an 
external electrical resistance and an internal 
cytoplasmic resistance The membrane resist- 
ance constitutes a third electrical resistance 
Each unit length of nerve may be considered as 
an electrical cable (Fig 1 30) consisting of these 
resistances and a condenser (the capacitance) 

If a stimulating current is passed through a sec- 
tion of nerve, its condensers will charge but the 
most distant ones will be least charged since 
more external and internal resistance is in- 
cluded between them and the source of current 
If one were to measure the charging process at 
any moment, the voltage would be highest at 
the electrodes and would decrease exponen- 
tially as one proceeded away from the stimu- 
lating electrodes (Fig 1 31) This charging 
process is almost instantaneous and repre- 
sents a nonpropagated buildup of charge along 
the nerve It extends for some distance along 
the nerve but it is never propagated as a wave 

When nerve is stimulated, two electrical 
events take place The membrane charges pas- 
sively as a cable and, at the same time, the 
nerve begins to react physiologically at the 
cathode Events at the anode are purely passive 
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and since excitation does not occur there, the 
time course of charging at the anode mav be 
taken as that for the passive or phvsical 
charging of nerve At the cathode, passive 
charging occurs and, m addition, an active 
process which we have called the local excita- 
tory process If the passive process at the 
cathode is subtracted graphically from the 
overall recorded response, the local excitatory 
process should be obtained The passive phys- 
ical process at the anode and cathode are pro- 
portional to the stimulating current In order to 
measure the local responses, an experiment is 
performed m which the potential difference 
between electrodes placed at the anode and 
cathode is measured with respect to a distant 
electrode Figure 1 32 shows the results of the 
potential measurements and also the result of 
subtracting the passive response from the 
overall response to obtain the local potential 
which corresponds to an active, nonlinear 
process at the electrode 
The significance of the local potential is that 
it demonstrates the time course of the depolari- 
zation at the cathode When the depolarization 
at this electrode reaches a critical value an ac- 
tion potential will be mitiated which will prop- 
agate away from the electrode Such local re- 
sponses can be found in many tissues For 
example, receptors must be depolarized before 
they give rise to an action potential, the poten- 
tial representing the local excitatory state of the 
receptor is called the generator potential An 
active process also occurs at the neuromuscular 
end-plate which is called the end-plate poten- 
tial, this depolarization initiates the propagated 
action potential of muscle At the synapses of 
neurons, a local, nonpropagated potential 
called the excitatory postsynaptic potential 
(EPSP) may be recorded which gives rise to the 
nerve impulse of the neuron The critical event 
in the excitation of all these cells is the local, 
nonpropagated depolarization When this depo- 
larization reaches threshold magnitude, the 



1 31 illustrating the passive electrotonic 
potential along the nerve resulting from the passage of 
direct current into the nerve 



Fig 1 32 Electrical (hanqes at MimuKutru} elottrodo 
produced by shocks with relative strengths succusstvoly 
from above 1 00 (upper 6 turves), 0 96 0 85 0 71 0 5/ 
043 021 021. 043 0 57 0 71 1 00 The 

ordinate scale gives the potential as a fraction of the 
propagated spike which was about 40 mv in amplitude 
The 0 96 curve is thicker than the others, tHKause the 
local response has begun to fluctuate very slightly at 
this strength The width of the (me indicates the extent 
of fluctuation (Inset) Responses produced by shocks with 
strengths, successively from above. 1 00 (upper 5 turves) 

0 96 0 85 0 71 0 57 obtained from curves in upper 
figure by subtracting anodic changes from corresponding 
cathodic curves Ordinate as above (From Hodgkin, 
1939) 

explosive, propagated change in membrane 
potential called the nerve impulse or action 
potential is set off 

The Nerve Impylse 

RECORDING THE ACTION 
POTENTIAL 

The external recorded action potential may 
be obtained by stimulating a nerve at one end 
and picking up the responses of the nerve some 
distance away with two recording electrodes 
and a recording device Figure 1 33 shows the 
arrangement bv which the action potential of 
nerve is usually recorded with a cathode ray 
oscilloscope. Unlike any instrument previously 
employed for this purpose (e g., the string gal- 
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vanometer or the capillary electrometer) the 
moving part of the oscilloscope is a stream of 
electrons and consequently has virtually no 
mass, and thus, no inertia It is, therefore, ca- 
pable of recording very rapid changes m elec- 
trical potential The instrument consists of an 
evacuated tube, an electron stream from a hot 
cathode strikes a fluorescent screen upon which 
it produces a spot of light On either side of the 
electron stream is placed a vertical plate A 
potential difference is created between the pair 
of plates, the electric field set up across the 
path of the stream deflects it horizontally, and 
sweeps it across the screen The spot of light is 
converted into a horizontal streak By means of 
a sweep oscillator the horizontal deflections are 
repeated many times per second A second pair 
of horizontal plates is placed one above, the 
other below, the electron stream It is this latter 
set of plates into which the nerve action poten- 
tial IS fed so that a vertical deflection of the 
electron stream results with production of a 
standing wave which is photographed and a 
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Fig 1 33 Passage of action potential down a nerve 
Stimulus IS applied at left Cathode ray oscilloscope is 
indicated at R The recorded potential is shown at the 
face of the cathode ray oscilloscope at the extreme right 
of each figure A monophasic potential is shown in figure 
F 


permanent record thus obtained The speed of 
the horizontal movement of the spot of light 
enables the time scale to be calculated , this can 
be varied by altering the potential applied to 
the horizontal pair of plates The magnitude of 
the action potential is determined from the 
height of the wave Before reaching the re- 
cording system the action current is amplified 
several thousand times by passing it through an 
amplifier This is necessary because the elec- 
tron stream requires about 50 v to cause a de- 
flection of 1 cm on the face of the tube 

The response on the cathode ray oscilloscope 
shows up as a diphasic variation of potential 
The cathode ray oscilloscope records the poten- 
tial under one recording electrode as a function 
of time with respect to the other recording elec- 
trode When the nerve is stimulated, an elec- 
trical impulse IS generated which travels along 
the fiber The arrival of this impulse at the first 
electrode causes the oscilloscope beam to de- 
flect in one direction When the impulse passes 
between the electrodes, no recorded potential is 
observed But when the impulse reaches the 
second electrode, a potential is recorded which 
is opposite in polarity to the first and accord- 
ingly, causes the oscilloscope beam to deflect in 
the opposite direction We, therefore, say that 
there are two phases present in the recorded 
action potential It is quite clear that one can 
eliminate the second phase from the recording 
by preventing the negativity of the impulse 
from reaching the second electrode This can be 
done by crushing the nerve either in the region 
between the two electrodes or directly under 
the second electrode Of course, if the crush is 
at the first electrode, no potential will be re- 
corded at all, since the action potential cannot 
pass a dead region of nerve The potential re- 
corded when the nerve is crushed at the second 
electrode is called a monophasic potential and 
IS shown also in the accompanying figure (Fig 
133F) 

The Compound Nature of the Action Cur- 
rent Recorded Ib'om a Nerve Trunk. Erlanger 
and Gasser (1937) studied the action potential 
of mixed nerve trunks by means of the cathode 
ray oscillograph. They showed that the re- 
corded “spike’’ is actually compounded of the 
individual spikes of many axons which were 
classified into three mam types of nerve fiber — 
referred to as the A, B, and C groups (Fig 
1 34). Several properties of nerve are correlated 
with the diameters of the fibers the larger the 
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fiber diameter, the ^eater the conduction ve- 
locity, the greater the magnitude ot electrical 
response, the lower the threshold of excitation 
and the shorter the duration of response and 
the refractory period The relationship of con- 
duction velocity to diameter of the nerve fiber 
is a linear one (Fig 1 35) The amplitude of the 
externally recorded potential is also linearK 
related to the fiber diameter 

The A group is composed of the largest fi- 
bers, 1 to 20 in diameter, with conduction 
rates from 5 m /sec or less for the smallest 
fiber to 100 m /sec for the largest l^he fibers 
of the A group are all myelinated, are both sen- 
sory and motor in function, and are found in 
such somatic nerves as the sciatic and saphe- 
nous nerves 

The B fibers are myelinated and have diame- 
ters from 1 to 3 and conduction velocities 
from about 3 m /sec to 14 m /sec The B fibers 
are found solely in preganglionic autonomic 
nerves The C group, composed of the smallest 
fibers (less than 1 fi in diameter), are unmyeli- 
nated and have a conduction rate of around 2 
m /sec or less, many are found in cutaneous 



Fig 1 34 Cathode ray oscillograph records of the ac- 
tion currents in the sciatic nerve of the bull-frog after 
conduction from the point of stimulation through the dis- 
tances (in millimeters) shown at the left The action po- 
tentials might be compared to runners in a race who be 
come separated along the course as the faster contestants 
outstrip the slower thus in a record at 82 mm from 
the point of stimulation three waves are shown whereas 
at 12 mm the potentials are fused and only one large 
wave appears (Modified from Erlanger Bishop and 
Gasser ) 



Fig 1 35 Lineal relation betwi^Mi diameter and 
conduction velocity of mammalian nervr fihi rs lath 
point represents a determination of the rnaxinuim c on 
du( tion velocity in meters prn set ond .ind ot the diame 
tet in micra of the largest fiber of an ntdivictua! nerve 
Dots adult nerves Cmfos immature nerves uMter 
Hursh ) 

and visceral nerves I'hev h<ivt* <\ high thr(‘sh™ 
old, 3()-f()ld that ot the A group 'The \ gioup ni 
fibers make bv far the greatest contribution to 
the compound action potential, and the (’ 
group the least The electrical potentials re 
corded from both A and (' fibers exhibit slow 
variations m potential following the iiction po 
tential, negative and positive after-potentmls, 
but the B group do not exhibit a negative after- 
potential with a single response (though a negii» 
tive after-potential does appear upon repetitive 
stimulation) The B fibers are the most sust ep- 
tibleto asphyxia, the C fibers, the least so 
The linear relationship between fibcT diam- 
eter and conduction velocity holds also tor 
growing nerves of voung animals During 
growth the diameters of the nerve liheis en 
large Conduction velocity increases proportion 
ately so that the time taken for an impulse to 
travel from the toes of a kitten a few^ days old 
to the spinal cord is the same as for a full 
grown cat Thus, the kitten and the cat react to 
stimulation with about equal promptness 
The diameters of the regenerating fibers in a 
sectioned or crushed nerve also enlarge grad- 
ually and conduction velocities increase accord- 
ingly, the relationship again being a linear one 
The maximum conduction velocity is not 
reached until maximum diameter of the fiber is 
attained If the axons of the nerve alone are 
interrupted, the sheaths of the nerve fibers 
remaining intact, the diameters and conduction 
velocities may reach those of the normal nerve, 
this rarely occurs if the nerve has been com- 
pletely severetl 
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CONDUCTION RATES 

The velocity of the nerve impulse varies m 
different nerve fibers in accordance with their 
diameters, the thicker fibers conducting more 
rapidly than the fibers of smaller diameter In 
the large afferents from muscle spindles of the 
mammals, the rate is from 80 to 120 m /sec 
Sensory nerves of the skin being of smaller 
diameter have slower conduction rates Non- 
medullated fibers conduct more slowly than 
medullated fibers Some of the fibers subserving 
pain sensation and those of the sympathetic 
nervous system have a very slow conduction 
rate 

The following table gives the approximate 
conduction rates in the nerves of several dif- 
ferent animals 

Medullated nerve, mammal, 37° C 120 m /sec 
Medullated nerve, dogfish, 20° C 35 m /sec 
Medullated nerve, frog, 20° C 30 m /sec 
Nonmedullated nerve, crab, 22° C 15m /sec 
Nonmedullated nerve, mammal, 37° C 1 m /sec 
Nonmedullated nerve, olfactory of pike 20° C 0 2 
m /sec 

Nonmedullated nerve, in fishing filament of physalia, 
26° C 0 12 m /sec 

Nonmedullated nerve, m Anadon 0 05 m /sec 
Compare the velocity of sound m air at 0° C 331 
m /sec 

By an indirect method of measurement the 
rates of conduction m various human postgan- 
glionic sympathetic nerves have been found to 
be from 0 85 to 2 30 m /sec The lower figures 
were obtained for the nerves of the leg, the 
higher ones for the nerves of the chest 

Action Currents and Excitation. The ex- 
ternally recorded action potential represents a 
variation in electrical potential along the nerve 
An alternative way of looking at the nerve 
impulse is as a set of currents flowing out of the 
membrane ahead of the area of greatest depo- 
larization or, more particularly, as the move- 
ments of these currents along the nerve (Fig 
1 36) The term action current is as appropriate 
as action potential The advantage of under- 
standing the currents of nerve as well as the 
potential becomes apparent when one con- 
siders how the self-excitmg properties of the 
nerve impulse arise, for it is the currents them- 
selves which act to depolarize the nerve The 
analogy is often made that the nerve acts like a 
fuse along which the ignition progresses Action 
currents leave the nerve ahead of the region of 


depolarization, acting as a virtual cathode since 
they have the direction of currents flowing into 
a cathodal electrode The hypothesis that action 
currents act to depolarize the region ahead of 
them was substantiated by experiments m which 
it was demonstrated that if action currents were 
allowed to enter but not to excite a region be- 
yond a narcotized stretch of the nerve, then the 
action currents gave rise to two phenomena be- 
yond the blocked region an increase in excita- 
bility and a depolarization of the fiber Neither 
the increase in excitability nor the depolarization 
were large enough to set up an impulse, the 
block diminished the intensity of the currents 
but it was clear from this experiment that the 
local currents generated by the action potential 
(as distinct from the action potential itself) 
could cause depolarization and, therefore, a 
change in excitability 

Another hypothesis which is a part of the 
general theory of self-excitation holds that in 
order for a propagated nerve impulse to be 
generated, not only is a depolarization neces- 
sary, but there must also be an increase in 
permeability to ions at the depolarized region 
Thus, depolarization brings about an increased 
ion flow through the “not yet excited” mem- 
brane bordering on the depolarized region In 
other words, during the action potential a path 
is opened in the membrane through which the 
charge from resting membrane can flow Thus, 
by discharging resting membrane ahead of it- 
self, the action potential becomes self-propa- 
gating. Evidence for this characteristic of seif- 
propagating activity was obtained by Curtis 
and Cole (1938) who showed that there was an 
increased permeability to ions during activity 
This was demonstrated as a decrease in trans- 
verse resistance of the membrane from a 
resting value of lOOO 0/cm ^ to 25 0/cm ^ 
during the rise of the action potential m the 
squid axon, Decreases in membrane resistance 
have also been demonstrated in other tissues, 
such as mucle, during propagated activity 

FHE "ALL-OR-NONE" PRINCIPLE 

A stimulus which is just capable of exciting a 
nerve fiber (threshold stimulus) sets up an im- 
pulse which IS no different from one set up by a 
much stronger stimulus The impulse generated 
by the weak stimulus is conducted just as rap- 
idly and IS equal in magnitude to that gener- 
ated by the strong stimulus when judged by the 



Sect/on 7 


1 _44 GENERAL PHYSIO LOGSCA. 

action current developed or the mechanical 
response of the muscle it innervates Thus, the 
propagated disturbance established in a single 
nerve fiber cannot be varied by grading the 
intensity or duration of the stimulus, i e , the 
nerve fiber under a given set of conditions gives 
a maximal response or no response at all 1 o 
make use again of the tram of gunpowder 
analogy— the flame of a match applied to the 
powder fuse will start a traveling spark no less 
intense than one started by the flame of a 
torch The restoration of the strength of the 
impulse to its original value after passing from 
a narcotized region into normal nerve also 
shows the “all-or-none” nature of nervous con- 
duction The well-known fact that a strong 
stimulus applied to a nerve trunk causes a 
compound action current of greater amplitude, 
and a greater muscular response than a weaker 
stimulus is due to the fact that the nerve trunk 
IS composed of many fibers each of which sup- 
plies a group of muscle fibers The weak stim- 
ulus excites only a proportion of the units of the 
nerve trunk, whereas, a maximal stimulus ex- 
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cites them all For example, the cutaneous dorsi 
muscle of the frog is supplied b\ a nerve which 
contains onK 8 or 9 fibers, each of these inner- 
vates about 20 muscle fibers When the nerve 
was stimulated b\ shocks of gradualK in- 
creasing mtensitv, the muscular res|K)nses did 
not show a similar continuous rise in ampli- 
tude, on the contrarv the rc'sponses ot the 
muscle increased in a senes of well-defined 
steps In other words, increasing the stimulus 
mtensitv produced no effect for a time upon 
the amplitude of the muscular response but 
then a slight increase in strength of stimulus 
produced a sudden rise m amplitude The steps 
which were never greater m number than the 
number of fibers in the nerve were clue to addi- 
tional fibers becoming excited as the strength 
ot stimulus reached a certain value 

It must also be remembered that the “all-or 
none” principle applies onlv for the condition 
of the nerve at the point wheie, tind the mo- 
ment when, the impulse arises A stimulus 
which will give use to a response of a certain 
magnitude under one condition ot the nerv'e 



Fig 1 36 A) The movement of sodium and potassium during the action potential, travelling in the direction of 
the arrow The charge in each region is also shown B) Upper curve shows the potential distribution of the impulse 
along the nerve The lower part shows the flow of currents in the external medium and within the fiber There is a 
reversal of potential during the spike (After Eccles ) 
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may give a much smaller response under other 
conditions, e g , during the relative refractory 
period (see below), narcosis, oxygen lack, etc 

THE ABSOLUTE AND RELATIVE 
REFRACTORY PERIODS OF NERVE 

For a brief interval following the passage of 
an impulse along the nerve fiber, a second 
stimulus, however strong, is unable to evoke a 
response This interval is called the absolute 
refractory period In a frog’s sciatic nerve at a 
temperature of about 15° C the absolute refrac- 
tory period has a duration of between 2 and 3 
msec Its duration is roughly the same as the 
action potential ''spike ” It is much shorter in 
mammalian nerve (1 0 to 0 4 msec in large 
medullated nerve fibers) 

The period during which the nerve is abso- 
lutely refractory is succeeded by one in which 
the nerve, though it will not respond to a stim- 
ulus of the same strength as it did before the 
passage of the impulse, will respond to a some- 
what stronger one The excitability of the nerve 
gradually increases and the strength of stimulus 
necessary for excitation becomes progressively 
less (Fig 1 37) In the end, the restoration of 
excitability is complete and the nerve responds 
to a stimulus of no greater strength than that 
which is capable of exciting a resting nerve 
The period foRowmg the absolute refractory 
phase and during which the excitability grad- 
ually rises to normal is called the relative re- 
fractory period The time required for the ex- 
citability of the nerve to return to about 95^^o of 
its resting level ranged from 10 to 30 msec (full 
recovery may not be attained until the lapse of 
100 msec ) It should be pointed out that the 
failure of the nerve to conduct a second impulse 
IS not due simply to lowered excitability at the 
point m the nerve where the original stimulus 
was applied, for during the absolute refractory 
period a stimulus applied to any other point 
upon the nerve likewise fails to set up an im- 
pulse The passage of the impulse along the 
nerve leaves m its wake a change of state in the 
membrane organization A certain time is re- 
quired for the changes associated with the pas- 
sage of the impulse to become reversed and the 
nerve restored to its resting condition 

The refractory period renders a continuous 
excitatory state of the nerve impossible Fusion 
or summation of impulses does not occur The 
refractory period obviously must also set an 



Interval after 1st Stimulus ( Secs ) 

Fig 1 37 Recovery of excitability in nerve perfused 
with fluids of different pH (After Adrian ) 

upper limit on the frequency of the impulses In 
the mammal the absolute refractory period is 
about 0 5 msec The intervals between impulses 
cannot be shorter than the absolute refractory 
period, the maximum impulse frequency is 
around 1000/sec At this rate the impulses are 
travelling in the relative refractory period of 
their predecessors and are weaker and more 
slowly conducted In frog nerve with its refrac- 
tory period of from 2 to 3 msec , the maximal 
impulse frequency is between 250 and 300/sec 

THE CLASSICAL MECHANISM OF 

THE ACTION POTENTIAL 

The mechanism by which the action poten- 
tial is produced has not been examined but the 
role of the currents in exciting a region ahead 
of the approaching nerve impulse was noted It 
IS now appropriate to consider the origin of the 
action potential in terms of the prevalent ions, 
namely, sodium and potassium The resting 
potential was shown to arise from a diffusion of 
potassium ions across the cell membrane The 
action potential has a more complex origin 
Recent investigations have demonstrated that 
the action potential results chiefly from the 
movement of sodium ions into the nerve fiber 
during the early, rising, part of the nerve im- 
pulse and that there is a movement outward of 
potassium ions, later during the fall of the ac- 
tion potential 

At the turn of the century, the action poten- 
tial was attributed to a complete depolarization 
of the membrane creating an area more nega- 
tive than other parts of the nerve into which 
the ionic currents flowed This concept, first 
enunciated by Bernstein (1912), could not be 
tested with the methods and tissues available 
until 1940 At that time two groups, one m 
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England, the other m America, performed the 
critical experiments which led to a re-e\amina- 
tion of the Bernstein concept These experi- 
ments utilized the giant axon of the squid to 
make a direct measurement of the transmem- 
brane potential This axon is 0 1 mm or more 
in diameter so that it is possible to insert one 
electrode directly into it along its length and to 
place another electrode outside The resting 
potential was measured and the nerve stimu- 
lated to obtain an action potential The results 
of such an experiment are illustrated in Figure 
1 38 According to the classical concept, the 
action potential arises from the fall of the 
membrane potential toward zero, the nervx' 
being completely depolarized when the mem- 
brane potential reaches zero In the case of the 
squid axon instead of a simple depolarization of 
the membrane, an “overshoot” of the potential 
past the zero base line was noted Such an over- 
shoot represents a reversal of the potential 
from the resting state so that during the peak 
of the action potential, the inside of the cell 
becomes about 50 to 60 mv positive to the out- 
side (Fig 1 38) This is an astonishing result 
for, on first consideration, there does not ap- 
pear to be any mechanism by which the poten- 
tial difference could invert Bernstein had con- 
sidered the resting potential a diffusion poten- 
tial resulting from the permeability of nerve to 
potassium and the impermeability to sodium 
and chloride and the electrochemical events 
during the action potential were attributed to 
an increased flow of ions other than potassium 
into the nerve fibers so that the diffusion po- 



Fig 1 38 Action potential recorded with an in- 
ternal electrode from a squid giant axon The scale shows 
the internal potential in millivolts relative to the outside 
bath Time marks are (n 2 msec intervals (After Hodgkin 
and Huxley ) 


tential across the membrane clisappeaied when 
the sodium and thloiide flows \u‘ie pennitted 
to take place (In a ditfusum tell the emf is 
pioportional to the difference of the mobilities 
ot cations and anions and it these aie et|ual, 
the emf is zero ) This h\pothesis vchih^ showing 
how the membrane potential tould htaomt* zero 
did not appear to contain an explanation ot 
how the revervil might arise 

The Modern Concept of the Action 
Potential 

Closer consideration of th(‘ details of lonu 
flow pointed to sodium as the ion which might 
gi\e rise to the re\eisal ot potential Since the 
concentration of sodium is higher out'^idc^ than 
inside the nerve a flow of sodnim inwarti 
would tend to make the inside fiositwe with 
respect to the outside I'he experimental lesuli 
establishing that sodium is the most import<int 
cation involved m both the production of the 
action potential and ot the overshoot is simple 
The squid axon is normallv surrounded b\ stxi 
water osmotuallv eipiiv.ilent to ii 0 3 m sodium 
chloride solution If the coiueutration of the 
sodium in the sea water is changcTl so that less 
sodium IS present, the amplitude of the action 
potential will dimmish In such experiments, 
the resting potential is unaffected hv altering 
the sodium concentration Actordinglv it was 
concluded that sodium is essential to tlu^ pro- 
duction of the action potential and, therefore, 
indirectly of the overshoot Figure I 39 illus- 
trates the tvi)e of result obt<uned from sucli 
substitution experiments Note tliat m appivmg 
half sea water, the osmotic lack of sodium is 
balanced bv substituting an osmotuallv equiva- 
lent amount of a noneledrolvte such as sucrose 
or an electrolyte such as (‘holme chloride 

A variety of experiments were earned out to 
determine the dependence of the sodium and 
potassium ionic currents on the membrane po- 
tential Unfortunately, it is not possible to 
measure one ionic current flow during a depo- 
larization of nerve directly and independently 
of another The changes in current flow affect 
the membrane potential which m turn affects 
the current flow This concept of a mutual in- 
fluence of current and potential is important 
for the understanding of the mechanism of the 
action potential but it is necessary to eliminate 
the interaction operationally if one wishes to 
study the effect of a change m membrane po- 
tential on the ionic fluxes Such independence 
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Fig 1 39 Single action potentials recorded from a 
squid giant axon 

1) Normal action potential in sea water 

2) Action potential after equilibration m medium with 
altered sodium A is 0 33 times normal b is 0 5 times 
normal and c is 0 71 times normal in concentration 

3} Action potential after return to normal sodium solu 
tion 

of current and potential is achieved by depolar- 
izing the membrane to a given value and then 
subsequently maintaining the potential at that 
value The method is referred to as the voltage 
clamp method because the membrane potential 
IS “clamped” (fixed) at an invariant value 
Thus, it became possible to investigate the 
ionic flows resulting from a given step of depo- 
larization Note that once the potential has 
been clamped there will be no flow of current 
into the capacitive element of the membrane, 
since to put charge on a condenser requires a 
changing potential The current flow is purely 
resistive and ionic 

In such voltage clamp experiments it has 
been observed that the current may change 
while the depolarization is being maintained 
This appears to violate Ohm’s law, which states 
that the current flow in a system depends upon 


the voltage (/ = E/R), and the voltage across 
the membrane is held constant in these experi- 
ments The explanation of these findings rests 
in the fact that the resistance or permeability of 
the membrane changes during a voltage clamp 
experiment, and thus, although the potential is 
constant, extensive changes in current occur 

The effect of a small clamp on the current 
flow through the membrane is shown m Figure 
1 40 The depolarizing clamp causes a diphasic 
current which is first directed inward (into the 
nerve fiber) and then outward If a solution 
which lacks sodium is substituted for the out- 
side bath, the initial inward current disappears, 
but the outward current remains unaffected 
The early, inward current is, therefore, attrib- 
uted to sodium inflow The dependence of the 
sodium current on the amount of depolariza- 
tion IS revealed by the experiments in which 
progressively greater amounts of depolarization 
are used (Fig 1 40) As the membrane potential 
IS decreased (greater clamp voltage), the inward 
current increases With further increases in the 
depolarization, however, the sodium current 
decreases in magnitude and ultimately disap- 
pears 

The results of a brief depolarization or clamp 
may be outlined as follows 1) There occurs, 
initially, a brief inward current resulting from 
an inward movement of sodium ions, followed 
by an outward flow of potassium ions 2) The 
amount of sodium flowing depends upon the 

a b c 





Fig 1 40 Currents flowing through squid giant 
axon membrane during a steady voltage clamp Figures 
on left are clamped values of the membrane potential in 
millivolts relative to resting potential (outside minus 
inside) Minus values represent depolarizations Columns 
a and c axon in sea water Column b axon in choline 
sea water without sodium Vertical scale 1 div ~ 05 
ma /cm^ Time dots are 1 msec apart (After Hodgkin 
and Huxley ) 
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extent of depolarization, over a rather broad 
range it is seen that the greater the depolariza- 
tion, the larger the sodium current 3) The po- 
tassium current is relatively unaffected bv the 
depolarization but is greatly affected by a hy- 
perpolanzation of the membrane Increasing 
the membrane potential from, for example, 
— 60 to — 80 mv increases the potassium cur- 
rent 

To understand the mechanism of the action 
potential, it is necessary to examine the results 
of the voltage clamp experiments in terms of a 
detailed theory — evolved by A Hodgkin ( 1964) 
and A F Huxley (1964)— which explains all 
the known phenomena of excitation and con- 
duction in nerve and muscle According to this 
theory, the nerve membrane is represented as 
containing three channels through which so- 
dium, potassium, and chloride ions may move 
independently The individual ions are forced 
through the membrane by their electrochemical 
potential gradients A schematic circuit repre- 
senting the three channel h 3 p>othesis is shown 
in Figure 1 41 The value of each emf is given 
by the Nernst equation, the three emfs being 
equivalent to the three “equilibrium” poten- 
tials (as discussed above in the section on the 
membrane potential) It is important to under- 
stand that the network is only an electrical 
“equivalent” and that the channels are not 
physically located one next to the other Each of 
the channels represents a group of many identi- 
cal channels in a unit area of the membrane 



Fig 1 41 Equivalent circuits for three membranes 
Upper IS for mammalian skeletal muscle fiber middle is 
for squid giant axon and lower is for frog sartonus 
muscle fiber is resting potential all values are in 
millivolts 


lumped togethei sc hemal iiail\ as one channel 
The resistance signifies the fipposition encoun- 
tered In each ion in the unit area ot mem- 
brane The reciprocal ot the resistmuc, the 
conductance (i,d, is pioportional to the permea- 
bility of the inemhnine to the ion 
The sequence of lonu events m an action 
potential mav now be ciestnbed as follows 4 
depolan/ing voltage (stimulus) is applied to the 
membrane and the sodium intluv nu reuses in 
the direction ot its com entmtion gradient It 
this Na" influx is gieatei than tht‘ tlux ol potas 
Slum and chloride (both of which (onstitute 
current flowing in the opposite direction), then 
the net sodium entrv c«Rises a change^ in the 
membrane potential But, as noted above, the 
change in potential across the membrane brings 
about an increased sodium influx, whuh in 
turn leads to a further decrease m the nuan 
brane potential Therefore, the influx of sodium 
builds up quite rapidly This mutual effect of 
sodium influx and membrane potcaitial consti- 
tutes the regenerative factor in impulse trans- 
mission and is an example of a positive feed- 
back process In terms of the equivalent circuit 
of Figure 141, the action potential develops m 
the following way The increase in permeabditv 
to sodium is essentiallv a decrease in resistance 
The potential difference across the membrane, 
which is the resultant of the three end’s in par- 
allel, will approach that emf which has th(‘ 
lowest resistance m senes with it I'he resist- 
ance to potassium and chloride does not 
change The membrane potential therefore 
tends to approach the equilibrium potential of 
the sodium ion which, m volts, is 

- 0 058 log (Na„,,uut«/Nat„«uid 

The equilibrium potential of the sodium ion is 
approximated but never quite reached bv the 
peak of the overshoot It is possible that an in- 
creased efflux of potassium and an active 
process of sodium extrusion accounts for the 
difference between the experimentally observed 
peak of the overshoot and the Na equilibrium 
potential, i e , the theoretically expected peak. 
The rapid rise m sodium current does not 
continue for very long and, as shown by the 
clamp experiments, the sodium currents are 
rapidly followed by a potassium efflux from the 
axon. The sodium influx is terminated by a 
process called sodium inactivation which de- 
velops during the increase in sodium flux Evi- 
dence for the existence of such an inactivation 
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Fig 1 42 Development of inactivation during con 
stant depolarization of 8 mv Left column displacement 
of membrane potential from the resting value in mv 
Right column membrane currents as a function of time 
for the displacement in the left column The vertical lines 
show the sodium current expected in the absence of the 
conditioning step (After Hodgkin and Huxley ) 

process has been adduced in clamp experiments 
of another type For example, if one applies a 
clamp of the order of 10 mv , this voltage 
change is insufficient to cause a sodium influx, 
yet it can nevertheless set into action the 
process of inactivation — as demonstrated by 
the fact that, following the small depolariza- 
tion, a larger depolarization of about 40 mv 
does not evoke the magnitude of sodium cur- 
rent that would have developed if the smaller 
voltage had not been applied initially In other 
words the small initial voltage clamps rendered 
the larger subsequent voltage clamp less effec- 
tive in changing the permeability of the mem- 
brane to Na^ Thus, by following small clamps 
by larger clamps at various intervals, the time 
course of development of the inactivation can 
be ascertained (Fig 1 42) Thus, the inactiva- 
tion process turns off the sodium current and, 
thereby contributes toward restoration of the 
resting state 

A second process also aids in the restoration 
of the resting membrane potential It was noted 
that a potassium efflux follows the sodium in- 
flux The time course of efflux of potassium 
ions corresponds to the fall of the action poten- 
tial The increase in conductance to potassium 
means that the change in potential across the 


membrane is now being driven by the electro- 
chemical potential due to the potassium gra- 
dient This net efflux of cations, the conse- 
quence of the increased permeability to potas- 
sium ions (sometimes referred to as rectifica- 
tion) tends to restore the membrane potential 
to its original state of internal negativity 
Figure 1 43 shows the time course of the in- 
crease in conductance of potassium in relation 
to the sodium inactivation process 

Both the sodium and potassium flows during 
the phase of increased permeability are in the 
direction of their concentration gradients The 
flow of ions during the action potential is 
purely passive and depends upon the concen- 
tration gradient The production of a nerve 
impulse should therefore be independent of 
metabolism This deduction is substantiated by 
experiments in which both aerobic and anaer- 
obic processes are blocked by inhibitors Nerves 
may continue to conduct for hours even when 
stimulated at high rates under the influence of 
metabolic inhibitors The increased permea- 
bility to sodium and potassium persists al- 
though the means for pumping sodium and 
potassium have been cut off This is not to say 
that transport processes are not important for 
maintaining the ionic inequalities If nerve is 
continually stimulated while being treated with 
an inhibitor, it fails to pump out the sodium 
which accumulates inside the nerve both during 
the resting state and during excitation — and it 
also fails to reaccumulate potassium to restore 
its resting intracellular concentration Ulti- 
mately, therefore, the nerve will depolarize as 
the result of potassium loss and/or sodium in- 
flux Thus, the ion pumps and associated meta- 
bolic activity which maintains the steady state 
ionic gradients across the nerve cell membrane 


mV 



Fig 1 43 Time course of inactivation [h] and po- 
tassium conductance {gy^) during a nonpropagated action 
potential Upper curve is action potential m response to a 
1 5 mv initial depolarization (After Hodgkin and Huxley ) 
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are necessary m the long run, but neither the 
resting potential nor the action potential de- 
pend primarily upon metabolism for their pro- 
duction 

How does this theory of the action potential 
explain other important phenomena of nerve 
such as refractoriness and accommodation‘s The 
absolute refractory period is the result of the 
mability of nerve to respond to a stimulus no 
matter how intense This inability corresponds 
to the period during the action potential when 
sodium influx is completely inactivated It is 
impossible to turn on the sodium influx ma- 
chinery in any degree whatever at the height of 
the inactivation process During the relative 
refractory period, the nerve is under the influ- 
ence of partial sodium inactivation and in- 
creased potassium efflux The potassium efflux 
tends to maintain the membrane potential at 
the original unexcited level The restorative 
processes of sodium inactivation and potassium 
efflux (rectification) must be opposed by very 
large depolarizations in order to get sufficient 
sodium influx to start regeneration Similarly, 
accommodation, which is a rise in threshold 
during the persistent application of a linearly 
rising current, may be explained as the result of 
growth of inactivation at the cathode of an ex- 
citing current, much as inactivation developed 
in the clamp experiments which demonstrated 
the existence of the process 
Little IS known concerning the molecular 
events within the nerve membrane that are 
triggered by depolarization and then lead to 
increased sodium conductance It is clear, how- 
ever, that these events are reversible A hypoth- 
esis, advanced by Tasaki (1968), holds that the 
subunit organization of the membrane may 
exist in one of two stable states, “resting” or 
“excited,” and that calcium ions within the 
membrane are critical in regulating a reversible 
transition between those states In this view, 
depolarization allows monovalent cations to 
enter the membrane displacing the divalent 
calcium ions from their anionic binding sites 
This displacement of calcium ions permits a 
transition of the membrane to a state of in- 
creased permeability, possibly through altera- 
tions in peptide cross-linkages This concept is 
supported by experiments with barnacle muscle 
and perfused squid axon in which it has been 
demonstrated that calcium ions are essential 
for membrane excitability regardless of which 
monovalent cations are available to carry cur- 


rent It has also been shown that e\(itabilit\ is 
preserved m these tissues v\hen sodium ions are 
perfused internalK pirovided that taiduni is 
present 

Wei we 

INTERMEDIARY METABOLISM 

Nerve, like other tissues c outruns the en/\- 
matic apparatus for give oh sis the citru at id 
(Krebs) cvcle and the electron transport svstem 
and, thus, can generate and store energy in the 
form of adenosine triphosphate (Allh The 
pathway of glycolysis is comerned with the 
breakdown of glucose to pYruv<ite and/or lac- 
tate Only a small amount of \TP is produced 
m this pathway which is anaeiohic d'he imiior 
part of the ATP is produced aerobualiv in the 
Krebs cycle and the electron transport s\slem 
(for details see duscussion of the energ\ gtuier- 
ating systems of ceils m i ha[) 1 

Undei anaerobic conditions, eg, in an <it- 
mosphere of nitrogen, resting nerve converts 
glucose to lactate quantitatively However, the 
nerve at rest produces very little lactic acid 
aerobically, although recent experiments have 
shown a clear cut increase in lactic acid produc- 
tion in an oxygen atmosf)here (aerobic glvcoP 
ysis) when the nerve is stimulated at I(K)/sec 
Nerve conduction continues under anaerobic 
conditions (nitrogen atmosphere), for, as noted 
previously, the action potential does not de- 
pend immediately upon metabolism Ulti- 
mately, of course, conduction will fad under 
anaerobic conditions because of the gradual 
accumulation of sodium and conseciuent depo- 
larization of the nerve fiber 
Further evidence for the existence of glyco- 
lytic systems m nerve comes from the effect of 
metabolic inhibitors on nerve metabolism lo- 
doacetic acid, which interferes with glycolysis, 
causes a decrease in the oxygen consumption of 
nerve At the same time the effect of the inhib- 
itor may be slowed by the administration of 
sodium lactate, the latter probably forming 
pyruvate which is then oxidized The cofactor 
necessary for the formation of lactic acid from 
pyruvic acid, diphosphopyndme nucleotide 
(DPN or nicotinamide adenine dmucleotide, 
NAD), IS found in frog nerve It has also been 
shown that the administration of glucose par- 
tially prevents the loss of potassium and gam of 
sodium resulting from anoxia of nerve 
Evidence for the presence of the Krebs cycle 
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m nerve comes from the effect of inhibitors on 
the oxygen consumption of frog nerve Methyl- 
fluoracetate, an inhibitor which acts in the 
Krebs cycle, inhibits the rate of oxygen uptake 
and ultimately causes a failure of conduction If 
the nerve is pre -equilibrated with sodium hi- 
marate or sodium succinate, the inhibition is 
overcome and the nerve regains its ability to 
conduct and to consume oxygen Fumarate and 
succinate are intermediates m the Krebs cycle 
and serve to keep going the portion of the cycle 
devoted to converting succinate or fumarate to 
carbon dioxide and water (see energy gener- 
ating systems, chap 5) 

The importance of the electron transport 
scheme has been demonstrated by experiments 
in which the cytochrome oxidase of nerve has 
been inactivated by carbon monoxide When 
nerve is poisoned with carbon monoxide, the 
cytochrome oxidase fails to function and molec- 
ular oxygen cannot be reduced for its ultimate 
reaction with metabohcally-denved hydrogen 
to form water The nerve behaves as though it 
were m nitrogen However, it is possible to dis- 
sociate the carbon monoxide from the cyto- 
chrome oxidase by shining visible light on the 
nerve The nerve then regains its ability to con- 
sume oxygen and will conduct an action poten- 
tial 

RESTING AND ACTIVE METABOLISM 

In the resting state, the oxygen consumption 
of frog sciatic nerve is quite low, 30 to 40 mm V 
g wet weight/hr in contrast to that of mam- 
malian nerve which ranges from 200 to 300 
mm ®/g /hr These values may be compared 
with those of brain which is of the order of 2000 
mm ®/g /hr Corresponding to the consumption 
of oxygen, there is a resting release of heat by 
nerve which amounts to 0 15 cal /g /hr for frog 
sciatic nerve 

The oxygen consumption of nerve in vitro is 
accompanied by a release of carbon dioxide to 
the extent that the respiratory quotient (moles 
CO a/moles O 2 ) is 0 8 This value indicates that 
the fuel of nerve may not be exclusively glucose 
which would yield a respiratory quotient R Q 
of 1 as indeed proves to be the case when the 
R Q. of mammalian brain is measured in vivo 
During excitation the respiratory quotient of 
the extra oxygen consumption of nerve changes 
to 0 9, suggesting that the recovery processes 
following excitation use a different substrate 
than IS used during the resting state 


How much of the resting heat production of 
nerve can be attributed to the heat production 
of the process pumping Na+ out of nerve and K ^ 
into the cell during the resting state‘s One 
can calculate the energy required to extrude 
sodium against both the electrical forces in the 
membrane and the concentration gradient A 
similar calculation may be made for potassium 
uptake If the process is assumed to be ineffi- 
cient and to produce heat equal to the work 
done (50^0 mechanical efficiency) an estimate 
of the heat production can be obtained In the 
case of sodium, it is necessary to pump the ion 
against both the electric field and its concentra- 
tion gradient since the ion is positive and it 
must be forced out against the negative attrac- 
tion of the interior The electric work required 
IS given by EF (ionic flux) The concentration 
work IS obtained from the relationship RT log 
Cl /C 2 , where the symbols have their usual 
significance Substituting the values for frog 
nerve ot E = 0 070 v , F = 23,050 cal /v /mole, 
C 1 /C 2 = 3 (sodium) and a sodium flux of 10 
mole/g /hr , one obtains an electrical work of 
0 015 cal /g /hr and a concentration work of 
0 007 cal /g /hr A similar calculation for potas- 
sium shows that the energy necessary to pump 
this ion into nerve is 0 019 cal /g /hr The work 
necessary to pump both sodium and potas- 
sium IS 0 041 cal /g /hr If the pump has a me- 
chanical efficiency of 50% then its operation — 
complete with inefficiency — accounts for 0 082 
cal or about 50% of the total energy consump- 
tion of 0 15 cal /g /hr noted above The value of 
0 041 cal /g /hr corresponds to 4 1 kcal /mole 
of Na"^ and K"^ exchanged Thus, taking 8 kcal / 
mole as the free energy of ATP hydrolysis, it is 
seen that approximately 2 moles of Na*^ can be 
exchanged for 2 moles of K^ for each mole of 
ATP converted to adenosine diphosphate 
(ADP) plus P. 

When nerve is stimulated, there is an in- 
crease in the oxygen consumption and an in- 
creased loss of heat The extra oxygen con- 
sumption may double The increase in heat 
production and oxygen consumption parallel 
one another and depend upon the frequency of 
stimulation The increase in oxygen consump- 
tion rises gradually with increase in frequency 
of stimulation, leveling off at about 100 
impulses/sec The extra heat which accompa- 
nies short tetanic stimulation has been shown 
by Hill (1938, 1959) and co-workers to consist 
of two phases, an early one lasting only 2 to 3 
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sec , called the initial heat which amounts to a 
tew percent of the total extra heat followed bv 
the remainder of the heat production which is 
called the delayed heat The latter is presum- 
ably concerned with the recovery process in 
nerve involving the pumping of ions The extra 
oxygen consumption of nerve may be elimi- 
nated by inhibitors (azide and methylfluor- 
acetate) which have no effect on the action po- 
tential 

Abbott, Hill, and Howarth (1958), using im- 
proved thermal methods have been able to 
measure the heat output resulting from a single 
shock to a crab nerve They found that the ini- 
tial heat accompanying an action potential oc- 
curred in two phases, an early, rapid portion, 1 
msec in duration, which was positive (exother- 
mic), and a delayed, negative (endothermic) 
heat of absorption The actual heats during an 
impulse were +14 x and -12 X 10 
cal /g /impulse The difference gives the net 
initial heat production Calculations by 
Hodgkin indicate that the initial heat can be 
accounted for by the heat production of the ac- 
tion currents flowing within and without the 
nerve But other processes such as heat pro- 
duced by the mixing of sodium entering nerve 
may also account for the initial heat 
Thus, active cation transport may be the 
major energy-consuming process m specialized 
tissues such as nerve Mcllwam (1966) has 
shown that electrical pulsation of brain slices m 
vitro results in cation-dependent respiratory 
stimulation accompanied by acceleration of ac- 
tive cation fluxes About 30f(! of the increased 
respiration may be accounted for by the in- 
creased cation flux. The maintenance or resto- 
ration of cation gradients in nerve as well as 
other tissues has been correlated with a so- 
dium -and-potassium -stimulated adenosine tri- 
phosphatase present m membranes This en- 
zyme is believed to utilize the chemical bond 
energy in ATP to translocate Na'^ and K’’' 
across the membrane against their respective 
concentration gradients 

^ Synaptic Transmission 
In the nervous system of mammals, the for- 
mation of conducting pathways does not in- 
volve direct anatomical continuity between one 
neuron and another or between a neuron and a 
cell of an effector organ An axon gives rise to 
many expanded termmal branches (presynaptic 
terminal boutons) The postsynaptic component 


of the sMiapse mav he formed h\ aii\ pait of 
the suiface of the seconci neuron with the ex- 
ception generaliv ol the axon hilloi'ks it usualh 
IS a dendrite (axodendritu s\napse) f)ut il nia\ 
be part of the cell hod\ (axosoinatu sxnapst') 
part of the membrane of anotfier axon taxo- 
(Lxonic svnapse) A single neuron nmv hv in- 
vohed in rnanv thousands of s\naptK connec- 
tions but in eveiv case the impulse transmission 
can occur oniv in one direction In the mam 
malian central nervous svstem tlu're is a c lett of 
about 20 nm (the ^xnaptu deft) separating the 
presvnaptic axon terminal (the pri'^xtuiptu 
membrane) and the surface of thc‘ postsvnaptic 
component {the post s^naptu membrane] 

At the sites of opposition, both the* piesvn 
\ptic and postsvnaptu membianes exhibit a 
plaque of electron dense material on (lien evto 
plasmic surfaces Beneath this pLupie on the* 
presvnaptic membrane and withm the* presvn 
aptic bouton, there are vesicles ranging m 
diameter from 10 to 50 nm and often nu 
merous mitochondria 

The action potential does not cross the* svm 
aptic cleft but instead causes the reli‘as(* of a 
transmitter substance which is stored in the 
vesicles of the presynaptu termmtils The trans 
mitter substance then crosses the gap, attaches 
to ''receptors'' on the postsynaptic membrane 
which IS then either excited or inhibited de 
pending on the precise nature of the permea- 
bility changes ensuing after combination cd the 
transmitter and the postsynaptic receptor 
system (see below) 

Chemical transmission was first demon 
strated by Otto Loewi m 1920 in a classical 
experiment m which the heart of a frog was 
slowed by perfusing it with blood taken from 
the heart of a second frog that had been slowed 
as a result of vagal stimulation Loewi (1921) 
concluded that the vagal stimulation had 
caused the release of a substance identified as 
acetylcholine— which altered the excitability of 
cardiac muscle 

THE EXCITATORY POSTSYNAPTIC 
POTENTIAL (EPSP) 

Eccles (1953) and co-workers have inserted 
finely drawn-out microelectrodes made of glaas 
and filled with KCl or NaCl into the cell body 
of motoneurons of the spinal cord When the 
microelectrode is inserted, a resting potential of 
about 70 mv. is observed, with the interior of 
the cell negative to the outside If the moto- 
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neuron is antidromically excited, i e , by stimu- 
lating the axon of the motoneuron, the moto- 
neuron is excited without the intervention of 
the S 3 niapse An action potential with an over- 
shoot of about +20 mv appears Thus, anti- 
dromic excitation gives rise to an action poten- 
tial in the postsynaptic cell, the motoneuron, 
which IS no different in its general characteris- 
tics than that obtained from squid axon or the 
muscle fiber The slight inflections which ap- 
pear on the rise do not enter into the present 
discussion 

The events of interest in synaptic excitation, 
however, occur when excitation is delivered 
orthodromically, i e , to the afferent neuron of 
the dorsal root, so that the presynaptic endings 
of this neuron are excited In such experiments 
in which a synapse is present, an additional 
potential appears in recording from the postsyn- 
aptic cell which is a sign of postsynaptic depo- 
larization Figure 1 44 shows the response of 
the motoneuron to a presynaptic volley The 
slow potential change which appears just before 
the action potential is called the excitatory 
postsynaptic potential or EPSP It consists of a 
hypopolarization of the membrane which may 
last for 20 msec and can best be seen when the 
extent of hypopolarization is insufficient to give 
rise to an action potential When the mem- 
brane potential falls to a critical value of about 
— 60 mv , the motoneuron fires and an action 
potential appears superimposed on the EPSP 
Temporal summation of such EPSP’s is also 
possible If two subliminal volleys are sent in 
over the same nerve, each volley produces an 
effect which is manifested by an EPSP The 
EPSP’s will then sum and if the critical level of 
depolarization is reached, an impulse will be 
set off 

The EPSP IS monophasic and nonpropa- 
gating, it represents a hypopolarization which 
is localized to the soma of the motoneuron 
Unlike the action potential, the EPSP is a po- 
fenfial” which is not all-or-none in character 
since it can be augmented simply by increasing 
the intensity of the input volley Moreover, the 
EPSP’s of different inputs can sum on a post- 
synaptic cell to produce a greater hypopolari- 
zation These characteristics show that the 
EPSP IS produced in a process which is funda- 
mentally different from that of the action po- 
tential 

Several lines of evidence indicate that the 
EPSP arises from an influx of all ions through 




Fig 1 44 Intracellular potentials set up in a biceps- 
semitendinous neuron by various sizes of volleys in the 
afferent nerve {lower records) A shows synaptic potentials 
(upper records) of graded size the largest setting up an 
action potential In F a faster record of this response is 
shown Note spike arising at arrow from more slowly 
rising synaptic potential (Brock Coombs and Eccles 
1952) 

the postsynaptic membrane into the cell One 
group of experiments concerns setting the 
membrane at a given membrane potential by 
passing current across the membrane A 
double-barreled microelectrode was inserted 
into a motoneuron One electrode was used to 
hypopolanze or hyperpolarize the neuron with a 
direct current, the other to record the EPSP 
When the membrane potential was increased, 
the amplitude and rate of rise of the EPSP in- 
creased Conversely, when the membrane po- 
tential was decreased, the EPSP decreased 
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Reversal of the direction of the EPSP occurred 
when the membrane potential was set up at 
zero volts, which is therefore the equilibrium 
value for the EPSP The explanation ot this 
effect goes back to the experiments on the 
squid axon It will be recalled that when the 
axon was clamped at the equilibrium potential 
of an ion, a reversal of current flow occurred 
through the membrane above and below this 
value of clamp voltage We may imagine that 
the motoneuron membrane contains channels 
through which ions can flow to cause the devel- 
opment of an EPSP These channels are sup- 
posed to be additional to those serving as pro- 
ducers of the action potential A diagram of the 
equivalent circuit for such channels is showm in 
Figure 1 45 When the membrane potential is 
set at zero, the equilibrium potential of the 
EPSP, a change in resistance of this channel 
can have no effect on the recorded potential 
No EPSP will develop Under normal circum- 
stances the membrane potential is determined 
by the equilibrium potential for potassium but 
when the EPSP channels decrease in resist- 
ance, the potential recorded tends to approach 
the equilibrium potential for the EPSP Now 
the only process which can have an equilibrium 
potential of zero is one m which the membrane 
IS freely permeable to all ions This process will 
have an equilibrium potential of zero because it 
IS a diffusion potential and the value of the emf 
developed m a diffusion potential depends di- 
rectly upon the difference of mobilities ol the 
cations and anions During the production of 
the EPSP it IS presumed that the mobilities are 
equal so that the process has an equilibrium 
potential of zero 

THE INHIBITORY POTENTIALS 

If a monosynaptic reflex is evoked by ortho- 
dromic excitation, an inhibition of the reflex can 
be produced by stimulating the afferent nerve 
from an ipsilateral antagonistic muscle as de- 
scribed more fully m the section on inhibition 
The effect of the inhibitory stimulus is to cause 
a hyperpolanzation of the motoneuronal post- 
synaptic membrane m a direction opposite to 
that of the EPSP (Fig 1 46) This hyperpolari- 
zation consequent upon an inhibitory stimulus 
IS called the inhibitory postsynaptic potential 
or IPSP Its time course is the same as that of 
EPSP, of the order of 20 msec , and corresponds 
to the curve of inhibition obtained from reflex 
studies Indeed the IPSP is a mirror image of 
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Fig 145 EquivaU’Ot tifcisit i)f tDDtuntHUO!) jiumt 
brane for EPSP Left cirruit reptr se(U ( liaiint'ls piviruj 
rise to EPSP Riqht tircuits reptesent urtini ot pol.iti/ed 
membrane 



Fig 1 46 Lower retordb cpve intrar ellulai respon .t‘s 
d bicepb semitendinosus nK>tot\t‘uroo to a (juadnieps 
volley of progres»sively iinteasinq a/e as i. shown t>y tfie 
upper records which are retorded from tin’ lb dtstsal root 
by a surface electrode (denatured dt fl(H tujn sipoallinq neqa 
tivity) Note three gradations in the ,t/e nf tin* I f* S P 
from A to B from 8 to C and from D to I Voliaije si ale 
gives 5 mv for intracellular retords downwarrj defier tioo 
indicating membrane hyijerpolari/atirtn Ifrom Coombs 
Eccles and Fatt 1955) 

the EPwSP in the same motoneuron The IPSP 
being a hvpeipolan/ation ot the ineinhiane 
renders it less exeat able Am EPSP whuh ov 
curs during an IPSP will geneiate cunents 
which will he less efiective in causing exeita 
turn ot the cell 

The problem of determining the nature ot 
the currents responsible tor the IPSP has been 
attacked by the same procedures described for 
the EPSP Using doubled -barrelled microelec- 
trodes, it is found that setting the membrane 
potential at -80 mv will cause the disappear- 
ance of the IPSP The potential 80 mv. is the 
average of that determined by potassium ( 70) 

and chloride (-90) suggesting that the IPSP 
results from an increased flow of and Ul 
making the inside more negative, Further evi- 
dence however, points to chloride as the prin- 
cipal ion involved in producing the PSP The 
method of electrophoretic injection has been 
used to demonstrate this One barrel of a 
double microelectrode is filled with KCl and 
made negative so that this electrode effectively 
Vives chloride ions into the cell, it is a hyper- 



Chapter 3 


Nerve Impulse 1-55 


polarizing current since it is internally nega- 
tive The other barrel electrode records the 
IPSP It IS found that the injection of chloride 
into the cell converts the IPSP elicited by a 
group la afferent volley from a hyperpolanza- 
tion to a hypo polarization (EPSP) The injec- 
tion of chloride caused an increased internal 
concentration of chloride The transmitter 
causing inhibition results in an increased 
permeability to chloride, but the chloride ionic 
gradient is now opposite to its normal direction 
so that a hypopolarization will occur instead of 
a hyperpolarization if the membrane is espe- 
cially permeable to chloride Chloride now 
flows out and makes the inside of the cell less 
negative A number of anions were injected 
internally and all those with less than a certain 
hydrated ion diameter caused a reversal of the 
IPSP to an EPSP Apparently the inhibitory 
substance opens pores which allow ions below a 
certain size to pass Since chloride is the only 
anion which under in vivo conditions exists in a 
high enough concentration to flow in during 
such an inhibition, it is presumed that chloride 
is the mam contributor to the inhibitory cur- 
rents 

Types of inhibition 

Some restraint must be placed upon the 
ability of muscle and neural circuits to respond 
In reaching for an object, for example, the 
muscle must be controlled if the movement is 
to be accurate and the muscle is not to over- 
shoot the mark Certainly reciprocal innerva- 
tion of some type must often be employed so 
that when a muscle is activated its antagonist 
will be inhibited, otherwise persistent opposi- 
tion of an undesired sort will be encountered 
These two reasons give some indication of the 
usefulness of inhibition in motor movement A 
third less obvious necessity for inhibition arises 
from the very complexity of neural activity in 
which some form of “negative feedback” or 
inhibition is necessary in order to keep the 
complex neural networks from over-activity An 
abnormal form of such activity is observed, for 
example, m strychnine poisoning in which in- 
hibitory neurons have been shown to be inacti- 
vated In a strychmnized animal any stimulus 
leads to persistent neural activity and convul- 
sion Again, m the disorder known as Parkin- 
sonism, periodic activity m the form of a 
tremor of a limb manifests itself, presumably as 


a result of injury to inhibitory systems which 
restrain normal motor activity 

Three kinds of inhibition have been exten- 
sively studied 1 ) direct, 2 ) presynaptic, and 3 ) 
Renshaw cell or recurrent inhibition A fourth 
type of inhibition, called indirect inhibition 
and extensively discussed by Sherrington is 
not now considered to be inhibition per se but a 
form of occlusion 

DIRECT INHIBITION 

The direct form of inhibition can be observed 
by evoking a monosynaptic reflex and then 
depressing the amplitude of the reflex by stim- 
ulating an ipsilateral skin nerve (type II fibers) 
It IS necessary to stimulate the inhibitory nerve 
shortly before eliciting the reflex By varying 
the interval between the inhibitory and excita- 
tory stimulus, the time course of direct inhibi- 
tion can be obtained The inhibitory nerve is 
stimulated first A curve of the form of Figure 
1 47 is obtained in which maximum inhibition 
is obtained at an interval of 0 5 msec between 
the two stimuli and with a delay lasting for 
about 10 msec The interval 0 5 msec , is equiv- 
alent to one synaptic delay so that at least one 
inhibitory interneuron is interposed between 
the afferent neuron and the motoneuron It is 
believed at present that this mterneuron in the 
inhibitory pathway possesses the ability to se- 
crete a substance at its terminals which hyper- 
polarizes the membrane and leads to an IPSP 
Thus, a neuron which is normally excitatory to 
other neurons may exert an inhibitory action by 
the interposition of an inhibitory neuron 

Direct inhibition is very susceptible to strych- 





Fig 1 47 Time course of direct inhibition Insert 
shows circuit containing inhibitory neuron (after Lloyd) 
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nine injection which can completely abolish it 
This effect of strychnine is the basis for the 
explanation of its convulsant activity — all inhi- 
bition of the direct type having been removed, 
the slightest stimulus causes a tremendous ex- 
tensor response 

PRESYNAPTIC INHIBITION 

Early m the studies of the electrical responses 
evoked by reflex action electrodes were placed 
on the surface of the spinal cord or on dorsal 
roots, and large potentials which were positive 
to distant regions, called P waves, were re- 
corded It was suspected that this positivity 
might be the sign of some inhibitory presyn- 
aptic activity going on m the cord To demon- 
strate presynaptic inhibition, a reflex response 
IS elicited m extensor motoneurons This reflex 
will be inhibited if it is preceded by stimuli 
from any nerve entering the cord Group and 
Ib fibers are most effective in causing the inhi- 
bition but groups II and III will also serve The 
time course of such an inhibition is shown in 
Figure 1 48 Unlike direct inhibition, max- 
imum inhibition is observed when the inhibi- 
tory stimulus precedes the excitatory by about 
20 msec The inhibition may endure for as long 


as 200 to IKK) msec and is e\tr(‘mel\ resistant 
to strychnine Several liiu's of e\ich‘iue indicate 
that this inhibition is presMi.iplu fiecording 
within the motoneuron at the time that inhibi- 
tion is produced shows no changes in the mem 
brane potential Neither a hvperpoLin/at ion or 
a depolarization is produced h\ dn inhibit or\ 
vollev Instead, it is noted that tht‘ magnitude* 
of the EPSl^ which is set up h\ the* reflex \olIe\ 
IS diminished hv the inhibitorv stimulus and 
that the magnitude of the EPSP p.inilh'Is tiu* 
curve of inhibition (Fig i 18) It has ,i}s{» l)c*c‘n 
shown that there is a dejiolan/at ion ot the pre* 
svnaptic tine terminals (‘ntc'img the* dorsal le 
gion ot the cord Mutoc^Icx trodc's ait* ins(‘itc‘d 
into and just outside a nerve tiber I'lu* unde 
sirable potential of neighboring neurons which 
IS recorded inside a nerve tihi'r tog(*tlu‘r v\ith 
the membrane potential, imiv be obviattni bv 
subtracting the externally reiorded pott‘ntui! 
from the internally rec'orcled to obtain the tnu* 
membrane potentuil It is tound tliat tlie time 
course of the depolarization produced bv inluh 
itory volleys parallels the time* toursc* of inhibi 
tion 

Although the mechanism is not clear, depo 
lanzation in axo-axonal synapses on presvn 



..I? ^ ^ presynaptic inhibition (£) Inhibitory stimulus is maximal group I volley in breeps 

I,.ln Monosynaptic EPSP s were evoked at various intervals after the inhibitory stimulus by stimu 

matkedlreThe ^ ^ ° EPSPs at intervals 
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aptic terminals may reduce the amount of ex- 
citatory transmitter released from the presyn- 
aptic terminals, thus decreasing the EPSP 
amplitude Since long delays are involved in 
presynaptic inhibition, many interneurons are 
mterposed between the first and last neurons of 
the chain 

RENSHAW CELL INHIBITION 

In 1946, Renshaw discovered that a volley of 
impulses delivered to motor axons causes an 
inhibition of all types of motoneurons at the 
segmental level This type of inhibition has 
therefore been called antidromic because the 
inhibition may be evoked by firing backwards 
over the motor roots into the spinal cord When 
such antidromic excitation was used, an after- 
discharge of quite high frequency was observed 
in microelectrode recordings from the ventral 
horn It was also shown that the discharge did 
not occur in the motoneuron but in neighboring 
cells near the motoneuron — m cells which dis- 
charge with a high frequency when the anti- 
dromic excitation occurs At the same time the 
motoneuron is inhibited These neighboring 
cells are therefore believed to cause the inhibi- 
tion The motoneuron displays a hyperpolari- 
zation which has all the characteristics of an 
inhibitory postsynaptic potential and the IPSP 
lasts for the period of time corresponding to the 
discharge m the neighboring cells which are 
called Renshaw cells An anatomical pathway 
has been suggested to explain these results (Fig 
1 49) The motoneuron gives off a collateral to 
the Renshaw cells, the Renshaw cell axon re- 
turns to the motoneuron and inhibits it 

The repetitive discharge of the Renshaw cell 
IS presumed to be caused by an accumulation of 
acetylcholine at the junction between the moto- 
neuron collateral fiber and the Renshaw cell It 
has been shown, for example, that the dis- 
charge of the Renshaw cell may be prolonged 



by anticholinesterases which allow acetylcholine 
to accumulate It is also possible to inhibit the 
discharge with jd-dihydroerythroidme, a sub- 
stance which blocks the action of acetylcholine 
The functional significance of this pathway is 
not clear It appears to serve as a general syn- 
aptic inhibitor and may act to limit the fre- 
quencies of impulses going to the motor end- 
plate 

Eiectrica! aod Cliepiicai 
Transmission 

The events at a synapse may be interpreted 
according to either a chemical or electrical 
theory of synaptic transmission The chemical 
theory of transmission attributes the response 
of the postsynaptic cell to a chemical substance 
(transmitter) released from the presynaptic 
nerve terminals The electrical mechanism of 
transmission presupposes the activation of post- 
synaptic neurons by electrical currents flowing 
out from the presynaptic terminals into the 
postsynaptic cell Examples of each of these 
types of transmission may be found in various 
kinds of synapses among vertebrates and inver- 
tebrates It may be stated, however, that no 
firm evidence of electrical transmission at 
mammalian synapses has as yet been obtained 

The present day understanding of chemical 
transmission is based primarily on studies of 
the neuromuscular junction because of its ac- 
cessibility to investigation The chemical mech- 
anism of transmitter release and action may be 
schematically outlined as in Figure 1 50 

The action potential, upon invasion of the 
presynaptic terminal, causes release of trans- 
mitter material In the case of the neuromus- 
cular junction m which the transmitter is ace- 
tylcholine, this substance is stored in clear vesi- 
cles in the presynaptic nerve terminal In their 
classical experiments with frog muscle fibers, 
Fatt and Katz (1952) observed that under cer- 
tain conditions the muscle end-plate (postsyn- 
aptic membrane) exhibited intermittent, 
spontaneous miniature potentials in a random 
manner These miniature end-plate potentials 
(MEPP's), of insufficient amplitude to depo- 
larize the membrane to threshold, were related 
to random release of acetylcholine packets from 
the presynaptic vesicles When the external 
Ca+'*' concentration was reduced, the amplitude 
of the end-plate potentials decreased m a step- 
wise manner, under various conditions the 
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Fig 1 50 Outline of processes involved in storage and release of chetnual transinitttr 


amplitudes were mte^al multiples of the mini- 
ature components However, graded ionophor- 
etic application oi acetylcholine directly onto 
the end-plate produced a continuously graded 
potential change, thus, indicating that the step- 
wise electrical changes were not due to the na- 
ture of the receptor response, but, rather, to the 
nature of the transmitter release Their conclu- 
sion was that the transmitter is released in 
quanta or packets of uniform size Depolariza- 
tion of the presynaptic terminal increased the 
frequency of quanta release, thus, allowing the 
MEPP’s to summate and reach threshold for 
firing of an action potential in the postsynaptic 
cell Other studies have shown that external 
Ca^"^ IS essential for the increased quantal re- 
lease during the action potential and that ex- 
ternal Mg'^'^ antagonizes the action, how- 
ever, the detailed mechanism for the coupling 
of excitation to secretion of transmitter is not 
known 

The released acetylcholine diffuses across the 
synaptic cleft in a very short time ( < 0 6 msec ) 
to attach to receptor sites on the postsynaptic 
membrane The mechanism by which this at- 
tachment alters the membrane permeability in 
producing the end-plate potential is not known 
The action of acetylcholine is terminated by its 
hydrolysis catalyzed by acetylcholinesterase 
present at the postsynaptic membrane 

Numerous observations indicate that the 
quantal nature of transmission is applicable to 
mterneuronal synapses m many portions of the 
vertebrate nervous system and also to other 
transmitters, for example, norepinephrine In 
the nervous system, combination of the trans- 
mitter with receptor gives rise to the EPSP or 
IPSP However, direct demonstrations of spe- 


cific transmitters and thmr mode of release^ in 
the mammalian central nervous svstein have 
not vet been achieved 

The basis foi; establishing that chemical 
transmission occurs involves the following 
purely chemical cTiteria A transmitter sub 
stance must be found /) whicii is produced pn* 
svnapticallv, that is, the pertinent en/vme svs 
terns for its production are present in the pre 
synaptic terminals, 2) whic h is relt‘ased *ind de 
tected when the presvnaptic termimds iire stim 
ulated, d) the action of which is dissipated hv a 
specific enzyme (as in the case of acetvichoh- 
nesierase which destroys acetvlchohncd or bv 
reuptake (as in the ease of norepinephrine) or 
by simple diffusion awav from ihe postsyimptu 
membrane, and 4) the action of which, when 
applied directly onto the postsynaptic nieni 
brane, mimics the effects of presynaptic nerve 
stimulation fn the case of acetvlc holme, the 
transmitter at the neuromuscular junction, such 
criteria have been met 

Additionally, acetylcholine has been vshown to 
be a transmitter m autonomic ganglia, postgan- 
glionic parasympathetic terminals, certain post- 
ganglionic sympathetic terminals (sweat glands 
and vasodilator fibers), and m motoneuron <*oi- 
laterai-Renshaw cell synapses in the spinal 
cord Not all the criteria have as yet, been ful- 
filled to firmly establish acetylcholine as a syn- 
aptic transmitter m the vertebrate central ner- 
vous system Examples of some of the evidence 
bearing on the role of acetylcholine as a trans- 
mitter in the central nervous system are 1) 
choline acetylase and vesicles containing acetyl- 
choline are present in nerve endings from many 
nuclei of the nervous system; 2) acetylcholi- 
nesterase is abundantly present m neural 
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tissue, 3 ) acetylcholine release has been de- 
tected trom the cerebral cortex after excitation 
of a sensor> nerve, but only m esermized prepa- 
rations in which acetylcholine cannot be de- 
stroyed, and 4 ) injection of acetylcholine either 
directly or electrophoreticallv will activate 
many cells in the nervous system 

There is substantial evidence that norepi- 
nephrine IS the transmitter released at postgan- 
glionic sympathetic nerve terminals The inac- 
tivation of norepinephrine action involves reup- 
take into the presynaptic terminal Within the 
central nervous system norepinephrine is found 
abundantly in the hypothalamus and brainstem 
reticular formation where it may have a trans- 
mitter role On the other hand, dopamine, a 
precursor of norepinephrine, is abundant in the 
corpus striatum where it is thought to act as a 
transmitter Histochemical fluorescent studies 
have shown that dopamine is present in nerve 
terminals within the corpus stiiatum that de- 
rive from cell bodies located in the substantia 
nigra In Parkinson’s disease which is asso- 
ciated with symptoms of basal ganglia dysfunc- 
tion, there is degeneration of this biochemi- 
cally-defined nigra -striatal path and depletion 
of dopamine in the corpus striatum Adminis- 
tration of L-dopa, which is decarboxylated to 
form dopamine in vivo ameliorates the symp- 
toms of Parkinsonism Both catecholamines, 
dopamine and norepinephrine, are stored in 
granular vesicles in presynaptic nerve termi- 
nals 

A number of other substances have been sug- 
gested as possible synaptic transmitters and 
inhibitors Serotonergic axons extend from 
median raphe nuclei m the brainstem to many 
areas of the brain, but particularly to the hypo- 
thalamus Evidence is accumulating that 7 - 
ammobutyric acid is an inhibitory transmitter 
in portions of the central nervous system, par- 
ticularly the cerebellum, and that glycine acts as 
an inhibitory transmitter in the spinal cord 
Glutamic acid has been suggested as an impor- 
tant excitatory transmitter It is as effective as 
acetylcholine in activating neurons when in- 
jected into the cells electrophoretically Unfor- 
tunately, direct evidence of release has not as 
yet been obtained for most of the substances 
alleged to have transmitter or inhibitory ac- 
tivity m the vertebrate central nervous system 

There are other indications that chemical 
transmission takes place at mammalian syn- 


apses Some S 3 maptic delay would be antici- 
pated if the release, diffusion, and attachment 
of a substance were factors important in trans- 
mission Thus, the finding of a synaptic dela\ 
at vertebrate synapses of 0 5 msec is consistent 
with a chemical theor\ A second phenomenon 
which IS consistent with the chemical theory is 
the fatiguability of synapses when rates of stim- 
ulation are increased At 40 or 50 impulses/sec , 
many synapses within the nerv^ous system fail 
to transmit an impulse According to the chem- 
ical theory, such a failure would be in accord 
with the expectation that there will be a fre- 
quency of stimulation above which the syn- 
thesis of transmitter is unable to keep pace 
with its release from the terminals At such 
high frequencies, the amount of transmitter 
released per impulse would decrease and fail to 
activate the postsynaptic membrane A third, 
well-known observation is the susceptibility of 
synapses to anoxia and metabolic inhibitors 
Thus, cutting off the supply of oxygen inter- 
feres with the synthesis of ATP and other 
chemical materials necessarv for the manufac- 
ture of the transmitter substance The supply of 
transmitter diminishes and the amount re- 
leased per impulse again becomes inadequate 
to activate the postsynaptic membrane A 
fourth phenomenon is the repetitive discharge 
of neurons as noted in the case of the Renshaw 
cell where a repetitive discharge ensues from a 
single shock This repetitive discharge is the 
result of a prolonged depolarization lasting 
more than 100 msec The prolonged depolariza- 
tion is attributable to the accumulation of the 
transmitter substance at the s\napse 

Criteria for the presence of electrical trans- 
mission are essentially the opposite of those for 
chemical tranmission Thus, a system which 
transmits impulses across junctions at high fre- 
quencies with no delay and in which anoxia 
and metabolic inhibitors have little or no effect 
IS presumed to be an electrical synapse Such 
systems behave, indeed, as though no junction 
were present, although there may be an ana- 
tomical junction with little or no space between 
the presynaptic and the postsynaptic mem- 
branes Such electrical junctions have not yet 
been discovered m the mammalian nervous 
system but artificial synapses called “ephapses” 
have been created at junctions between nerve 
fibers so that an incoming electrical impulse 
will either modify the excitability in a contig- 
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uous nerve or actually set off an action poten- 
tial. Among the invertebrates, several examples 
of purely electrical junctions have been discov- 
ered. The giant motor synapses of the crayfish 
are designed to transmit electrically in one 
direction only. Simultaneous recording from 
both presynaptic and postsynaptic cells has 


demonstrated that practically no delay (about 
0.1 msec.) ocairs. The p()stsynaf)tic response 
has the shape of an KPSh’ and spikt‘s may he 
generated from sufficiently strong KPSi^’s. 
Such synapses appear to act as rectituTs, i.e., 
they pass current more easily in one direction 
than the other. 



^/EXCITATION AND CONTRACTION OF 
MUSCLE 


General Characteristics of Muscle 
Tissue 

The functions of muscle tissue are develop- 
ment of tension and shortening Mechanical 
work IS accomplished when the load is not ex- 
cessive so that the muscle can shorten against 
it Muscular contraction under physiological 
conditions depends on the stimulation of 
muscle tissue through motor nerves In experi- 
mental conditions muscular contraction can be 
elicited by electric or chemical stimulation ap- 
plied directly to the tissue 
Between contractions, muscle tissue assumes 
a relaxed state characterized by a low resistance 
to stretch Muscle is elastic but there are 
changes m its elastic modulus during the tran- 
sition between the relaxed and the contracted 
states 

The tension developed by a muscle m the 
body is graded and adjusted to the load If con- 
traction is associated with shortening, the ten- 
sion is adjusted both to the load and to the ve- 
locity of the shortening The graded response of 
muscle is due to variation m the degree of acti- 
vation of the tissue through the motor nerves 
Through nervous control, the activity of dif- 
ferent parts of the muscle tissue of the body is 
coordinated to produce useful movements and 
postures The effect of muscle activity is trans- 
ferred to the skeleton by means of tendons, the 
translational displacements between various 
parts of the muscle mass, displacements that 
are associated with movement, are facilitated 
by the interposition of connective tissue, either 
as thin or thick layers of connective tissue or as 
compact connective tissue septa The latter 
structures are present at places where the trans- 
lational displacements are most pronounced 
The activity of muscle tissue depends on a 
supply of energy primarily through breakdown 
of carbohydrates For highest efficiency and 
sustained activity, this breakdown is oxidative, 


which implies a constant supply of oxygen via 
an efficient blood circulation The transport of 
oxygen through the blood vessels by means of 
streaming is supplemented by diffusion from 
the capillaries through the muscle tissue The 
dense arrangement of narrow capillaries al- 
lowing rapid streaming of the blood secures a 
fairly short mean distance for the diffusion of 
oxygen and the maintenance of a high concen- 
tration gradient between the capillary lumen 
and the oxygen -consuming structures, the mito- 
chondria 

The activation of the contractile apparatus in 
muscle tissue depends on events which serve in 
effect to transfer the nerve stimulus from the 
motor nerve endings to the contractile ma- 
chinery Furthermore, the activity of the 
muscle tissue depends on a precise ionic milieu 
which is different from that of blood plasma 

MICROSCOPIC AND MOLECULAR 
ORGANIZATION OF MUSCLE 

The elongated cells of skeletal muscle (re- 
ferred to frequently as skeletal muscle fibers or, 
simply, my 0 fibers) are delimited by a plasma 
membrane, the sarcolemma The selective 
permeability and transport properties of the 
sarcolemma facilitate the control of the me- 
dium in which the contractile machinery is 
immersed and also contribute to the propaga- 
tion of impulses that serve to activate the con- 
tractile process Skeletal muscle fibers vary in 
diameter from 10 to 100 fim , and in length 
from a few micrometers (m the case of insect 
flight muscle) to several feet (in the case of the 
long muscles in the giraffe) Despite the great 
difference in length the mucles of an insect and 
a giraffe both have the same basic structure 
Under the light microscope skeletal muscle 
shows a repeating pattern that has given rise to 
the designation striated muscle Under the 
electron microscope the subcellular structure of 
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the skeletal muscle fiber is seen to be com[)<)se(i 
of smaller fibrous structuies 1 in diametei 
myofibrils, which are separated b\ cxtoplasm 
sarcoplasm, and arranged in parallel lashion 
along the long axis of the cell On more de- 
tailed examination each m\ofibril is composed 
of fibrous substructures, the m\ ofilarntmt^, 
which are of two t\pes, thin nnolilaments (a{)- 
proximatelv bO A in width in mammals) com- 
posed of a protein called actin, anci thick fila- 
ments (approximateh 100 to 1‘20 \ in width) 
composed of a protein called m\osm 

The arrangement of the m\osin and the act in 
filaments is responsible for the cross-stiiated 
appearance of the muscle The cross-stiiations 
depend on a regular repetition of one struc'tural 
pattern consisting of dense cross bands (1 a ^uin 
in width) separated by less dense segments 
The dense cross bands, refeiied to as A bands 
because they are strongh anisotiopic, contain 
the thick myosin filaments arranged neatK in 
parallel (Fig 1 51) When mvosin is extracted 
from intact muscle, thick filaments can no 
longer be detected microscopically 
The myosin filaments have a characteristic 
appearance which reflects the mode of aggiega- 
tion of the myosin molecules within the fila- 
ments With the exception of a middle section 
of the filaments, a series of lateral projections 
extends from the approximately lOO-A-thick 
trunk of the filaments Similar filaments can be 
made artificially by allowing myosin in solution 
to aggregate Under such conditions the 
gradual growth of filaments is reflected in the 
distribution of sizes of reconstituted filaments 
The morphology of the filaments agrees with 
the assumption that the myosin molecules ag- 
gregate with their globular ends directed to- 
wards the ends of the filaments The middle 
smooth shaft corresponds to a close packing of 
the rod-shaped part of the molecules and the 
series of projections corresponds to their glob- 
ular ends (Fig 1 52) 

Such a polar arrangement of the myosin mol- 
ecules could secure a definite direction of the 
force developed in connection with a configura- 
tional change of the myosin molecules whether 
the latter change is minimal or extensive 

The smooth shaft of the filament shows a 
somewhat thicker segment located exactly m 
the middle of the filament, contributing to a 
dense line, the M band, extending across the 
middle of the sarcomere 

The actin fdaments m intact muscle show 



Fig 1 51 S( fieiiuitit fUe (MU itiiui of !h( likfly ar 
rdnqemont of rnyo* m tnolr i iilc m tht r’i\o,in filanients 

great similarities to tiliunis actiu 1 1^' at tin) tike 
merits that art‘ toiineti in \itin \)\ ptil\ mta i/a 
turn ul gh»buhu at tin attnu altlumgh the 
*i\ial peri(vduit\ is shehiU gieattr t to til 
x\) tt)i the natural than tor tht* art itit al filanu'nts 
t lot) \) Hettnit anahsts ol t ha Iron inuro 
graphs ot Fat tin and isoiattd thin tiiainents 
induMte the present e in tin* hitter of adtltt tonal 
proteins 'This adtlitional material piobahK 
relleets th(‘ [uesentt in tlu^ thin Idameni (tt the 
tioponnosin tioponin complex as tlot's the 
lOh to 111 A peiuxiuitv (\idc‘ inlral 
The less dense segnumts tlu‘ / /vrm/s, con- 
tain the aetin lilanumts whuh (‘Xttmd svmniet- 
ricalK in opposite directions horn a dense* thin 
line, the Z linv (Fig 1 IdA) 'Fht* Z lim* appears 
in emhrxonu muscle* heforc^ tlu* at tin tiLirnents 
develop and is comprised ol a lattuc* like* pro 
tein ''Phis protein is inter! wiiu*d with tlu‘ actm 
(thin) filaments which extend perpcmdinilarK 
from the Z line lor about I ju on t*ithei side 
When actin is extracted from intact rnusch* the 
thin filaments can no longcu be* (ibsc*ixc‘d iiucao- 
scopicallv The term I band is based t»n the tact 
that this /one was onginallv c’onsidered be 
isotropic Although it is nov\ n‘cogni/c‘d to be 
weakly bneinngent, it is \er\ nuuh less hire 
frmgent than the A hand, I'he width ol the* 1 
band vanes with the degree ot stretch or short 
ening ot the muscle tibei Since the icmgth ot 
the individual actin tilanients is about 1 gm 
and there are two sets of such filaments ex- 
tending from the Z line, the total width ot the 
Z line-act m filament complex will he about 2 
fjLxn The Z-line structure contributes toward 
keeping the actm tilaments arranged in regis 
ter and with a regular spacing Ute gap be- 
tween the terminations of the actm tilaments 
is called the H zone and, as noted <ibove, the 
M line IS the darker area in the center of the 
H zone The M line is particularlv pronounced 
during contraction 

The term mrcomere defines the repeating 
unit of this striated structure as the region be- 
tween two consecutive Z lines, thus, this unit 
consists of one A band and one-half I band at 
each end of the A band The sarcomere is the 
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Fig 1 52 Electron micrographs of negatively stained preparations of [left] natural thick filaments prepared 
directly from homogenized muscle [middle) synthetic filament formed by aggregation of purified myosin in 0 1 m KCI 
and [right) synthetic filament formed by aggregation of light meromyosin (vide infra) in 0 1 m KCI Projecting cross- 
bridges can be seen on the natural and synthetic filaments in which whole myosin is present — that is in which both the 
heavy- and light-meromyosm parts of the myosin molecule are represented The filaments containing light-meromyosin 
alone have no projections (about x 162 000) (Huxley 1969) 


fundamental contractile unit of muscle Its 
len^h at rest varies from 10 to 15 /im m crab 
muscle and between 2 and 2 5 pm in frog and 
mammalian (including human) muscle 
At the rest-length of muscle, which here is 
defined as the normal length of the muscle in 
situ, the two sets of filaments in most muscles 
mterdigitate with a rather extensive zone of 
overlap at each end of the A band In the 
rabbit psoas muscle the sarcomere length at 
rest-length is about 2S pm If the muscle is 
stretched, the zone of overlap decreases in 
width in proportion to the increase in half- 
width of the I band The zone m the middle of 


the A band bounded by the two zones of over- 
lap, the H zone, also increases in width, this 
increase corresponding to the decrease in width 
of both zones of overlap This means that when 
a muscle is stretched, the actin filaments are 
being pulled out of the A band, while the 
length of both the myosin filaments and the 
actm filaments remains constant (Fig 1 56 B 
and C) At a sarcomere length of about 3 5 /z, 
the actin filaments have been pulled out com- 
pletely, and the two sets of filaments appear 
now in an end-to-end arrangement At further 
stretching, the two sets of filaments become 
separated by a gap, in which filaments consid- 
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Fig 1 53 Frog sartonus muscle {thick section) showing periodicity in both thin filaments (as seen m 1 barttK) 
and in thick filaments (as seen within the entire width of the H-zone) Periodicity is best seen by viewing pictures of the 
fibrils obliquely from the side The two periods differ by 5 to 10% (their probable values being 410 A and 435 A) Near 
the edges of the H-zone the periods show strongly in the overlap region where they are more or less in registei but as 
they get progressively further and further out of register the vernier effect blurs out the pattern The M line siruoture (3 
dense lines, about 200 A apart running across the fibril and probably corresponding to the cross bridges between 
thick filaments seen in the M-region in cross-section) shows up rather clearly The less dense region immediately on 
either side represents the remainder of the central region of the thick filaments from which the cross bridges are 
absent (X 32 400) B Frog sartonus muscle (live) fixed in gluteraldehyde during direct electrical stimulation and 
whilst It was shortening against a load postfixed in osmium tetroxide stained with PTA in absolute alcohol, araldite 
embedding Only surface fibers used Specimen shown had only shortened very slightly, and quite a wide H-zone is 
still visible (x 19 200) C As in 5 but allowed to shorten further so that a very short H zone (and a shorter I bar^d) 
IS visible (X 19 200) (Huxley 1964 ) 


erably thinner than the actin filaments can be 
seen extending between the ends of the myosm 
and the actm filaments 

If a muscle is allowed to shorten, either pas- 
sively or through an active contraction, and the 
structure is analyzed after the muscle has ac- 
quired a new length, the relationship between 
the half-width of the I bands, the width of the 


overlap zone and the width of the H band ls 
the same as described above At sarcomere 
lengths less than 2 that is, less than the sum 
of the lengths of the two sets of actm filaments 
m the sarcomere, a somewhat more dense 
zone appears m the middle of the A band This 
phenomenon is due to a double overlap of the 
actm filaments (Fig 1 56 D) 
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When the sarcomere length has decreased to 
1 5 M or ioss, the Z lines cause the ends of the 
thick filaments to crumple, giving rise to zones 
with irregularly airanged filaments Such zones 
are referred to as contraction bands Contrac- 
tion bands at this sarcomere length involve a 
rather random arrangement of thin actm fila- 
ments as well as thin filaments derived from 
the myosin filaments as a consequence of the 
splitting of the latter into filamentous subunits 
In accord with the above considerations the 
microscopic patterns seen m cross sections of 
muscle fibers depend on the level of the section 
(Fig 1 54) For instance, near the Z band, only 
actm fibers are observed (Fig 1 55A) whereas 
at the site of overlap of actm and myosin fila- 
ments, each thick filament is surrounded by six 
thin filaments and each thin filament by 3 
thick filaments (Fig 1 55B) 

The sarcolemmal membrane of the myofibers 
has the general double layer structure of most 
biological membranes Besides shielding the 
muscle fiber, the sarcolemma imparts a charac- 
teristic resistance to stretch for the muscle as a 
whole Because this resistance is anatomically 
disposed in parallel with the contractile ele- 
ments, it is usually lumped together with the 
resistance contributed by the connective tissue 
surrounding the muscle fibers and both are re- 
ferred to as parallel elastic elements 

Skeletal muscle fibers are multinucleated In 


embryonic tissue the nuclei are located in the 
center of the fiber, however, m the course of 
differentiation they come to occupv a periph- 
eral position 

Skeletal muscle has a rich supply of mito- 
chondria and microsomes dispersed along the 
length of the myofiber These subcellular struc- 
tures, as in other tissues, are supportive compo- 
nents of the muscle fiber, the myofiber is the 
smallest metabolically autonomous unit 

PROTEINS OF THE CONTRACTILE 
ELEMENTS 

1) Actm. With recent advances m the purifi- 
cation of muscle constituents it has become 
apparent that actm comprises a major portion 
but not aU of the thin filament (I band) Actm 
molecules exist m two states G-actin, a glob- 
ular monomer, which is stable in solutions of 
low ionic strength, and F-actin, a fibrous poly- 
mer, which IS formed when salts are added to 
G-actin The polymerization of G-actin to form 
F-actin (referred to as the G-F polymerization) 
is accompanied by an increase in the viscosity 
of the protein solution The conformation of the 
F-actin polymer is that of a double -stranded 
helix 

A bound nucleotide and a bound divalent 
cation are necessary for polymerization of glob- 
ular actm In the in vitro preparations, 1 mole 
of adenosine triphosphate (ATP) and 1 mole of 
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Fig 1 54 Diagram illustrating the arrangement of the two kinds of protein filaments m a myofibril At the top are 
three sarcomeres drawn as they would appear m longitudinal section Below are tiansverse sections taken through the 
H zone (center) and through the other parts of the A band (right and left) where the arrays of thick and thin filaments 
mterdigitate If a longitudinal section were cut in the plane which is indicated by dotted lines in the left-hand transverse 
section It would appear as in the electron micrograph in Figure 1 52 and as in the diagram here, and it would show 
(apparently) one thin filament between each two thick ones If it were cut in the other plane (dotted lines in right-hand 
transverse section) it would show two thin filaments between each two thick ones (From Huxley and Hanson 1960) 
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Fig 1 55 /I Cross section of muscle fiber near Z 
band showing only actin fibers B In region of overlap 
both thick and thin filaments are seen C In the H zone 
only myosin filaments appear 

I 

1 ^ 


A 



Fig 1 56 Schematic illustration of the arrangement 
of thick myosin filaments and thin actin filaments in the 
sarcomere at various degrees of stretch and shortening 
A and show different degrees of overlap of the two 
types of filaments C illustrates the case when the actin 
filaments have been completely pulled out from the A 
band with a gap between A band and the actin fila- 
ments In the extensively shortened sarcomere in O a 
zone of double overlap of actin filaments has developed 
in the center of the A band 

have been fonnd to be associated with 1 
mole of G-actm Nucleotides other than ATP 
can also bind with G-actin, although with lower 
affinity and can replace Ca'^^ but 

also with the affinity that is four times less than 
the affinity of Ca++ for actin 
The nucleotide (ATP) bound to G-actin is 


^ n’ C I L Section / 

readilv exchangeable, houever during poKm- 
erization to F-a(tin, the teiniiual phosphate ot 
ATP IS split ott and the resulting adenosine 
diphosphate (ADP) formed renuuns hound to 
F-actin and is not exeiiangcMhk^ Addition of 
inorganic phosphate (Ik) per se will not re\erse 
the reaction ot G~F polvmeri/at ion to restore 
G-actin and ATP in fact such a depol\men- 
/ation requires ATP 

The moleculai eight ot skeletal (1 aitm is 
generalK accepted to be appioxnuateK \1 (KK) 
based on \iscosit\ measurements, sedimenta- 
tion equilibrium studies, ammo add aualvsis, 
and ATP content 

2) Tropomyosm. Troponuosin is a protein 
which constitutes 10 to I2b of skiTdiil m\ofi- 
bnllar protein Although it was punfied m 1948 
its role in the mathinen of the eontraitile 
process had escaped attention until HHvntK It 
IS now believed to react with troponin to form a 
complex which is implicated in the jiroetsses hv 
which excitation is coupled to contraction The 
molecular weight ot tropomvosm is apf)roxi“ 
mately 70,000 Troponnosin is a coiUkI coil 
(two alpha helices wound around c*acii other), 
which bv itselt has no knowm hiologudl ac ti\ itv 
When hound to actm, howevcT, tiopomvosin 
can modify the interaction between actin and 
myosin 

The presently availal)le evidence* does not 
support a previous suggestion to the effect tliat 
tropomyosin comprises the structural protein of 
the Z line Antibodies against tropomvosm 
show very weak binding to the Z-hne proteins 
and ammonium sulfate extracts ot tnq)omvosm 
fail to restore the Z hand to rabbit muscles 
from which the Z line had been previously ex- 
tracted with glycerin 

3) Tropomn. This protein was isolated re- 
cently It has been studied extensively bec'ause 
it IS linked with the important regulatory ac- 
tion of calcium m the contractile process Its 
salient feature is a high affinity * binding 
site, 2 moles of Ca ^ ^ are bound to approxi- 
mately 100,000 g ot troponin Recent work 
indicates that troponin consists ot two or three 
distinct components, one of these, designated 
as troponin A, possesses the specific (high 
affinity) binding site for Another com- 

ponent, designated as troponin B, inhibits the 
Mg'^ ■'■-activated interaction of actm and myo- 
sin which constitutes the quintessential bio- 
chemical event in the contractile process (vide 
infra) Troponin molecules complexed with 
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tropomyosin are believed to be distributed 
along the thin (actm) filaments at intervals of 
406 to 411 A to form reactive sites which are 
important m the contraction process Anti- 
bodies to troponin are not found on the Z band 
and it may therefore be concluded that tro- 
ponin, like tropomyosin, is probably limited 
only to the thin filaments 

4 ) Myosm This protein is the chief constit- 
uent of the thick filaments which, as has been 
noted, disappear after myosin has been ex- 
tracted from muscle fibers When purified 
myosm molecules are allowed to aggregate, the 
resulting polymers are virtually indistin- 
guishable from the thick filaments Myosin is a 
large protein with a molecular weight between 
450,000 and 500,000 

The physicochemical properties of myosm 
indicate a high degree of molecular assym- 
metry One end of the molecule is globular, the 
other end is rodlike Optical rotatory dispersion 
measurements mdicate that between 54 to 60^r 
of the peptide chain m the native molecule ex- 
ists m the a helical configuration The ex- 
tremely large size of the myosm molecule sug- 
gested a complex structure, and indeed it was 
found that treatment of myosm with proteoly- 
tic enzymes such as trypsin splits the protein 
into two components, light meromyosm 
(LMM), which consists of most of the rodlike 
part of the native molecule, and heavy mero- 
myosm (HMM) the primarily globular end of 
the native molecule, to which is attached a 
short piece of the rodlike portion 

Myosm possesses adenosine triphosphatase 
(ATPase) activity which is associated with the 
HMM component, LMM being totally inert 
m this respect 

Unlike trypsin, papain cleaves myosin at a 
point of the globular end of the molecule split- 
ting off two identical HMM components 
These HMM components are held together 
and attached to LMM by a peptide stem at a 
locus which IS not susceptible to the action of 
trypsin (Fig 1 57) When myosm is treated 
with 12 M urea or 5 m guanidine, it can be 
resolved into two heavy fragments and two or 
three light fragments The functions of the 
latter are unknown, however, differences m 
electrophoretic mobilities of light myosm frag- 
ments, when they have been prepared from 
different muscle types, suggest but do not 
prove that the nature of the light myosm frag- 
ments may determine myosin ATPase activity 



Papain cleavage 
Trypsin cleavage 


Fig 1 57 Sites of cleavage of the myosin molecule 
by papain and trypain 


LMM exists m a highly ordered structure 
Like tropomyosin, LMM consists of two coiled 
parallel peptide chains each in the form of an 
a helix HMM, on the other hand, exists pri- 
marily m globular form with a short highly heli- 
cal fibrous rodlike extension Acid treatment 
of HMM releases both the rod and the globu- 
lar head of the molecule, the latter m the form 
of its two subunits each of which retains 
ATPase activity and the ability to combine 
with actm 

Myosm can be split into subunits by 12 M 
urea and 5 M guanidine (as noted above) and 
also by other agents such as alkali and succinic 
anhydride The light subunit appears to be 
associated with the ATPase activity and the 
species specificty of myosm However, vari- 
ants of the whole myosm molecule with char- 
acteristic ammo acid sequences can be found 
in different muscles of the same animal and 
also in the same muscle at various develop- 
mental stages (vide infra) 

The molecular weight of skeletal HMM is 
approximately 350,000 and that of LMM is 
approximately 150,000 The estimated molec- 
ular weight of the heavy fragments of myosin 
is between 112,000 and 180,000 whereas the 




Fig 1 58 ^ Longitudinal section oriented with the long axis of the fiber extending from lower left to upper right in 
the figure The myofibrils (mf) show a typical transverse banding pattern with dense Z tines CZ) spaced about 3 fi 
apart at the centers of the light I bands (/) The A bands {A) have a central light H zone {H) and denser outer regions 
where primary and secondary filaments overlap At the center of each A band is a light L zone (1) with a dark M 
line [M] down its middle Triads consisting of two terminal cisternae ite) and a centrally located transverse tubule 
(ft) are seen adjacent to the Z lines (2) of the myofibrils Connecting m the terminal cisternae are the intermediate 
cisternae (/c) Adjacent to the myofibrillar A bands elongated profiles of the longitudinal tubules (//) and oval profiles of 
the fenestrated collar (fc) are seen These latter structures are also seen overlying the myofibrils at two places 
where the section grazes the surface of the myofibril [fc' and If) The large, densely stained granules are glycogen 
(gly) Smaller granules {gr) are found within the I bands (x 36 000) B Very thin, slightly oblique transverse section 
showing a Z line 0 as dark patches with a square pattern at the upper left corner of the figure The I band {/) appears 
as the lighter areas around and below the Z line patches The A band {A) »s at the bottom of the figure Near the Z 
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line and for about one-third of the I band the fibrils are completely surrounded by wide membrane-bounded elements of 
the triads Dark patches within these elements are interpreted as regions where the membranes of the central portion 
of the triad (transverse tubule and flattened ends of terminal cisternae) lie within the section The triad elements that 
are filled with granular material are the terminal cisternae (fc) and the very light patches [tt] are interpreted as areas 
where only the transverse tubule lies within the section, implying that the section thickness m this region is somewhat 
less than 300 A One interruption in lateral continuity of the terminal cisternae is indicated (c/) Below these elements 
in the figure but still within the 1 bands are found the narrower profiles of the intermediate cisternae (/c) These are 
found alongside and sometimes flanking both sides of the glycogen [gly] masses (see arrows) The intermediate 
cisternae extend as far as the edge of the I band Beyond this within the A band roughly circular profiles of the lon- 
gitudinal tubules [It) are seen Parts of two mitochondria [m!) appear in this figure (x 45 000) 
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myosin light tiagments have molecular cveiaht^ 
of approximately 20 000 
5) Other Proteins of the Contractile 
Machinery In addition to actin and m\osin 
and their derivative subunits, other proteins 
have been isolated from mvofibnls One of 
these proteins appears to ha\e been derived 
from the M line Another, of unknown den\a- 
tion, modifies the aggregation of mvosin How- 
ever, at the present time the role of these pro- 
teins in the contraction-relaxation cscle of 
muscle IS not known 

A protein designated as n-actinin often iso- 
lated with actm, is found to increase the ATPase 
activitv of mvosin When bound to F-aclin, the 
a;-actinin-actin complex forms a gel The sig- 
nificance of a-actinin in muscular contiaction 
howevei, lemains m dispute 

a-actmm has three distinct components, the 
lightest of which (6S component) has a molec- 
ular weight of 160,000, has been localized on 
the Z lines and can be displaced bv troponin 
/Sactinm, another protein associated with the 
contractile system of muscle, is probably an 
important determinant of the structure of the 
thin filament inasmuch as it has been shown to 
1) bind stoichiometncally to F-actin, 2) inhibit 
the network formation of F-actin, and 3) in- 
duce the formation in vitro of 1 (i filaments 
similar to actm filaments 

THE SARCOPLASMIC RETICULUM 

In 1902, Veratti observed a lattice or network 
structure in the muscle cytoplasm (sarcoplasm) 
similar to what is now recognized as the endo- 
plasmic reticulum Veratti proposed that this 
newwork may be a continuation of nerve end- 
ings which function to convey the excitation 
process to the contractile elements These pres- 
cient observations and suggestions were ignored 
for over 50 years until the recent era of de- 
tailed, critical study of cellular ultrastructure 
The ultrastructure of the sarcoplasmic retic- 
ulum (Fig 1 58) was first described by Bennett 
(1955) and by Porter and Palade (1957). They 
observed an elaborately anastomosing tubular 
network running parallel to the myofilaments 
The diameter of this tubular system was ap- 
proximately 5 g The slender tubules often ex- 
tended the full length of the sarcomere and 
were cloked at each end (terminal cisternae), 
the separation of two such adjoining cisternae 
taking place at the level of the Z line and 
amounting to 500 A A third vesicular struc- 


ture the trans\ers(' or I tiihuh* was ahn ulen 
tilled in the gap between two adiouming ter 
niinal cisternae 'this tvad stnutuus T 
tubule and two terminal cisternae wt‘re oh- 
ser\ed to repeat regular K in tin* 1 hand at the 
le\el of the Z hue or at the* luiution ot th(‘ A-I 
band or at both sites dc'pendnig on the* t\pe ot 
muscle studied and tlu‘ spc‘cu‘s tmm which it 
was obtained I he regiiLiih repeating pattern 
of the network (Fig 1 dd) suggested tioin the 
outset that the saicoplasinu n^tuulai s\ stern in 
general and the triad in p^utuular were inti 
mateh related to the* tunction ot tht‘ lontractile 
elements 

Recent studies ot tlu' (‘nihr\onu dc*\eio[)nu‘nt 
of muscle have shown that the* sarcoplasmic re 
ticulum (SR) originates (roin th(‘ nuclear mem- 
brane before the differentiation td nnofila- 



Fig 1 59 A three dimenstona) whematie dsaqrarn 
illustrating the sarcoplasmic reticulum and its rulation 
ship to the myofibrils The myofibrils show the light band 
(/) with the dense Z line {Z1 at its center The A bands 
{A) have a central light H zone [H) and denser outer 
regions where primary and secondary filaments overlap 
At the center of each A band is a light zone (1) with a 
dark line (M) in its center Toads consisting of two 
terminal cisternae (fc) and a centrally located transverse 
tubule (ft) are seen adjacent to the 2 lines of the myo 
fibrils Connecting to the terminal cysternae are the m 
termediate cysternae (/c) and adjacent to the A bands 
they form the longitudinal tubules Ut) In the vicinity of 
the H zone in the center of A band the longitudinal 
tubules join the fenestrated collar (fc) g!c glycogen 
granules (From Peachey 1965) 
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merits takes place and also that the SR lays the junction which, in this species, is the site in the 

foundation for formation of the Z lines Other sarcomere at which the T tubules are located 

lines of evidence indicate that the central com- These findings revealed an important relation- 

ponent of the triad (the T tubule) is an invagi- ship between the T tubules and the adjoining 

nation of the sarcolemmal membrane which cisternae of the triad and also between the 

penetrates deep inside the fiber (Fig 1 60) For triad as a whole and the contractile elements 

instance, it has been shown that if muscle is (myofilaments) of the myofiber 

incubated with ferritin, the granules can be More recently it has been shown 1) that the 
later found inside the T tubules It was also T tubules of frog skeletal muscle can be shat- 

shown by Huxley and Taylor in frog and fish tered and converted into vesicles bv soaking 

skeletal muscle, that following exploratory stim- the tissue for about 2 hr in hyperosmotic Rmg- 

ulation with minute electrical currents applied er’s solution containing 20 to 50% glycerol and 

with a microelectrode at intervals ot I p along then subjecting the tissue to osmotic shock by 

the length of the sarcolemmal membrane, a returning the tissue abruptly to normal Ringer’s 

local contraction was elicited only when the solution, and 2) that following this disruption 

stimulatory microelectrode was placed at the of the T system it was not possible to elicit a 

level of the Z line contractile response even though an action po- 

In a similar experiment m crab muscle, a tential could be recorded after electrical stimu- 

local contraction was elicited only at the A-I lation Thus, it was demonstrated that an in- 



Fig 1 60 Transverse section of a glutaraldehyde-fixed muscle fiber to show the form and disposition of the T 
system The section cuts across the Z line (Z) and so includes the middle of the T system cisterna Openings or orifices 
of the T system {T) to the outside are shown at the arrow Strands of sarcoplasm (asterisk) which penetrate into the 
T system from neighboring fibers may be observed SR sarcoplasmic reticulum Original magnification x 38 000 
(From Franzini-Armstrong and Porter 1964) 
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tact T tubular-tnadic s\stem is necessarv for 
the electrical excitation of muscle to become 
translated into a contractile response 

Theories of Contraction 

FOLDING PROTEIN THEORY 

There ha\e been two concepts le^aiding 
the structural changes occuinng dunng short- 
ening According to an oldei concept, the con- 
traction of muscle is associated with a splitting 
up of the compact myosin filaments at their 
ends into a number of subunits possibly con- 
sisting of individual myosin molecules, an 
interaction of these subunits with the actin 
filaments resulting m bonds being foimed be- 
tween the subunits and the actin, yielding 
drastic changes in the myosin subunits from 
the originally extended configuration to a 
compact configuration This would involve 
extensive conformational changes in the myo- 
sin molecules and would result in a pulling 
in of the actin filaments toward the center of 
the A band since the myosin subunits remain 
attached to the myosin filaments at the end 
which is located toward the center of the sar- 
comere The splitting up of the end regions of 
the myosin filaments would be an important 
first step since it would allow active sites on 
the myosm molecules to be exposed In the 
compact arrangement of myosin m the thick 
filaments these sites would be shielded from 
interaction with actm 

THE SLIDING FILAMENT THEORY 

According to the other concept of muscle 
contraction, the “sliding model,” there are no 
extensive configurational changes occurring 
during contraction The actin filaments slide 
along the surfaces of the myosin filaments due 
to oscillatory, minute movements of the lateral 
process of the latter filaments with repeated 
alternative formation and breaking of bonds 
between myosin and actm The bonds are 
formed in the oscillatory cycle when the proc- 
esses are in a position closest to the Z line, the 
bonds are broken when the processes have 
swung to their extreme position furthest from 
the Z line and closest to the center of the A 
banc^ I 

^The first evidence that led to the sliding fila- 
ment theory came from electron microscopic 
observations which showed that cross-bridges 


link the actm and nnosin tiianuMits tugethei 
across a gap of about 1 ^0 A I'hi* hi ulges are 
seen as projections on the nnnsui filaments 
even in plates when’ no actin filaments he 
alongside them (for evanpile in the H /one of 
stretched sauomeres) hut then do not project 
trom the actin filaments m the portion of the I 
band which does not overlap with the thick 
(mvosin) filaments Thcaefort^ it sc'erns clear 
that the cross-bridges are peunmnent parts of 
the mvosin filament structure On the basis of 
the above observations it wns sugu(‘sted that 
cioss-hi idge structure's were the' menhamcMl 
links between the thuk and thin fiLiments It 
was also suggestf'd that cross bridge's probably 
represented the heavv me'romvosm subunits of 
the mvosin molecule liecausc' the Al'Pase dc 
tivitv and the <utm binding jnopc'itu's of mvo 
sm reside on the heiivv meronntisin it is lea- 
sonable to regard this en/vmatic aetivitv as a 
built-in feature of the st rue tore of the cross- 
bridges and to assume that the cross budges 
have a special affinity for sites on the actm 
molecules 

During a twitch, the frog sartoruis sarcomere, 
which tvpicalK has a length of 2 5 ju, shortens 
by about 200, the actm and mvosin fdaments 
sliding past each other bv 0 275 /x in each half 
sarcomere 

Huxley (19(>4) observed that variations m on 
entation of the cross-bridges can be seem in 
electronmicrographs of resting and conti*acted 
muscle The distal ends of (he cross budges 
never seem to be displaced hv more than about 
100 A from the position they would occupv if 
the bridges were exactiv perpendicular to the 
thick filaments Therefore, he proposed that, 
in order to produce the much larger overall 
sliding movement, some type of repetitive 
interaction of the cross-bridges with the actm 
filaments is necessary and he suggestevi two 
possible mechanisms for this interaction /) 
the cross-bridges move to and fro in a cvclic 
manner, first attaching to the actm filaments 
and pulling them toward the center of the A 
band in the initial phase of the cycle and then 
detaching again prior to their return stroke — 
similar to the action of a ratchet, 2) the cross- 
bridges might remain rigidly fixed m position 
on the myosm filament while repetitive cyclic 
changes occur at fixed intervals along the actin 
filaments causing the latter to attach and then 
detach from the fixed cross-bridges, thus, 
moving to the center of the sarcomere (H 
zone) In either case, the central idea is that 
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the cross-bridges are attached to actin fila- 
ments while force is being developed and the 
cross-bridges serve as the agents through 
which the mechanical force is transmitted 
From the known free energy of hydrolysis of 
ATP, it seems possible that splitting of 1 mole- 
cule of ATP per cross-bridge can provide 
enough energy for the actin and myosin fila- 
ments to slide past each other for a distance of 
50 to 100 A during a maximal shortening This 
is consistent with a model in which 1 molecule 
of ATP IS split at each cross-bridge during one 
tension- generating cycle and in which each 
cross-bridge can go through its cycle only once 
during a relative movement of the filaments 
over a distance of 50 to 100 A 

In this comcext, there will be neither tension 
development nor significant energy release 
(ATP-cleavage) when this “make and break” 
filament cycle is not completed Thus, chemical 
energy release in muscle can be controlled 1) by 
the tension developed (which is proportional to 
the number of cross -bridges that had time to 
attach themselves to the actin filaments at any 
given shortening velocity), and 2) by the dis- 
tance shortened (which would be proportional 
to the number of “make and break” cycles) 
This kind of system would release energy effi- 
ciently and m proportion to the work done 
Strong evidence supporting the notion that 
the cross-bridges represent the heavy mero- 
myosin end of the myosin molecules came from 
a comparison of the filamentous aggregates of 
light meromyosin (formed at physiological ionic 
strength) with aggregates formed under similar 
conditions by intact myosin molecules (Fig 
1 52) The light meromyosin filaments were 
seen to consist of needle-shaped structures 
many microns long and of variable widths up to 
several thousand angstrom units, the surfaces 
of these filaments were perfectly smooth On 
the other hand, the filaments formed by aggre- 
gation of whole myosin molecules had a large 
number of projections on their surfaces over 
most of their length These latter filaments 
varied in thickness but were usually less than 
200 A in diameter and shorter than the light 
meromyosin filaments These synthetic myosin 
filaments were very similar in their appearance 
to the natural myosin filaments prepared from 
disrupted muscle It is therefore apparent that 
the cross-bridges observed by negative staining 
methods are equivalent to the cross-bridges m 
the sectioned material and, since they do not 
appear in the light meromyosin preparations 


noted above, they must be associated with the 
heavy meromyosin part of the molecule Their 
dimensions closely approximate those of the 
sectioned cross-bridges (40 to 50 A by 120 A) if 
shrinkage (ca 20%) of the sectioned prepara- 
tions is taken into consideration 

The width of isolated heavy meromyosin (de- 
termined by shadow casting technique) is about 
40 to 50 A in the globular region which is at- 
tached to a short tail approximately 400 A long 
From the above observations it is concluded 
that the cross-bridges consist of the globular 
head of the heavy meromyosin, supported by 
an a-helical tail which lies in an approximately 
parallel position along the backbone of the 
myosin filament to which it ultimately attaches 
Myosin molecules are arranged in the thick fil- 
aments with a definite structural polarity so 
that the heads of the molecules are always di- 
rected away from the midpoint of the fila- 
ments Thus, all cross-bridges in one half of an 
A band have the same orientation (polarity) 
This polarity is reversed m the opposite half of 
the A band The actin monomers are also ori- 
ented oppositely on either side of their attach- 
ments to the Z line Thus, during contraction 
the sets of actin filaments in each half sarco- 
mere are drawn toward the center of the A 
band and subjected to sliding forces oriented 
in opposite directions This polar organization 
of both the myosin and actin filaments is a 
fundamental condition of sliding filament 
theory 

Accepting the evidence that the cross-bridges 
attach to active sites on the actin filaments m 
order to develop force, it is reasonable to link 
this interaction to the hydrolysis of ATP and 
the release of energy The fact that actomyosm 
has considerably greater ATPase activity than 
does myosin alone supports this idea It is not 
known whether ATP is split before, during, or 
after the combination of actin with heavy mer- 
omyosin (cross-bridges), however, there is no 
doubt that this force-generating interaction 
requires the transformation of energy from 
ATP into mechanical work Conversely, it 
is important to recognize that the chemo- 
mechanical transformations of muscle also con- 
trol the release of energy from ATP (Fenn ef- 
fect, vide infra) 

The contribution of each cross-bridge to the 
force generated by contracting muscle will be 
considered in the discussion of the length-ten- 
sion relationship At first it was assumed that 
cross-bridges undergo specific structural 
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changes when they interact with actin and split 
ATP However, measurements oi the spacing 
between actm and myosin at different sar- 
comere lengths revealed that the filaments 
move closer together as the muscle is stretched 
and further apart when the muscle returns to 
rest length, the separation \arvmg inveiselv 
with the square root of the muscle length 
Thus, as the sarcomere shortens from 2 8 to 2 0 
/X, the side spacing increases hv about IBS of 
its original value In absolute terms it has been 
estimated that the center to center distance 
between actm and mvosin filaments mav in- 
crease by 40 A as the sarcomere shortens from 
2 8 g to 2 0 /i For contact to be made between 
actm and mvosin filaments during contraction, 
the cross-bridges must adapt to these changes 
m spacing between the tiiaments without anv 
qualitative alteration m function 

The technique of negative staining has 
helped to elucidate some of the puz/hng aspects 
of the actomyosm interaction For example, 
this technique has revealed significant ii regu- 
larities in the repeating subunit of the acto- 
myosm filaments The double helical structure 
of G-actm units remain clearly visible (Fig 
1 61), whereas, no trace of an ordered structure 
(helix) can be seen m the projection of the 
myosm filaments However, when heavy mero- 
myosm is reacted with actm, a clear regularly 
repeating pattern of arrowhead -like structures 
bound to the actm filament can be observed 
(Fig 162), these arrowhead-like structures 
represent myosin bound to the sites on actm 
at which the cross-bridges link It is not known 
why the sites of attachment of the head of the 
cross-bridges on the thin (actm) filaments 
are more orderly than the sites of attachment 
of the tail of the cross-bridges on the thick 
(myosin) filaments, however it is possible that 
the cross-bridges are more rigidly bonded to 
the actm filament than to the myosin back- 
bone 

Using x-ray diffraction Huxley had initially 
predicted that the contractile components (later 
identified as actm and myosin) must have dif- 
ferent structures Further study of x-ray diffrac- 
tion patterns indicated that in striated muscle 
of vertebrates the cross-bridge projections on 
the thick filaments are arranged on a two- 
stranded helix with three pairs of cross-bridges 
per 360° turn of the helix (6/2 helix) Each pair 
of bridges project out from the myosin back- 
bone in opposite directions so that the two 
bridges in any pair form an angle of 180° with 
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Fig 1 61 Electron micrograph of negattvoly Mamed 
actm filament showmg the double helical arrangamont of 
two chains of globular subunits twisted around each 
other The subunit repeat in each chain is about 55 A and 
the cross-over points of the two chains are 360 to 370 A 
apart (Huxley. 1969) 

each other, i e , any pair of cross-bridges form a 
straight line at any given level Taking any pair 
of cross -bridges as a reference, the nearest 
neighbor pair of bridges on either side occurs at 
a distance of 143 A and is rotated relative to 
the reference pair by 120° This arrangement 
continues so that the full pattern repeats itself 
at intervals of 3 X 143 A or 429 A. (Fig 1 63) 
On the basis of these observations a model 
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Fig 1 62 An isolated I segment has been treated with heavy meromyosm which attaches to the 
thin filaments producing arrowhead-like structures (note places indicated by arrows) These are polarized and point 
outward from either side of the Z line Segment prepared by blending glycerol-extracted muscle m a medium which 
separates thick and thin filaments (From Huxley 1963) 


(Fig 1 64) has been suggested in which the 
cross-bridge projections are attached to the 
backbone of the myosin filaments at a distance 
of 60 A from the center of the thick filaments 
and then extended outward beyond the myosin 
backbone for an additional 70 A, thus, the total 
projection from the center of the myosin back- 
bone IS 130 A The distance between the center 
of the thick filament and the surface of the 
actin filament is about 190 A in a muscle at 
rest length Thus, these observations indicate 
that, at rest, cross-bridges do not reach the 
actin filaments It has also been noted that, at 
rest, the cross-bridges are not precisely fixed in 
position on the thick filaments 

The x-ray diffraction patterns of the actin 
filaments show a nonintegral double helical 
structure, with subunits repeating at 54 6 A 
intervals along both strands but the position of 
any subunit on one strand is staggered relative 
to the position of its nearest neighbor subunit 
on the other strand by half a subunit period 
(27 3 A) The chains twist around each other 


with cross-over points at 360 to 370 A intervals 
so that the pitch of the helix formed by either 
of the two chains is 720 to 740 A (Fig 1 65) 
Off meridional reflections from both actin and 
myosin filaments indicate that the helices m 
the filaments may be able to twist and untwist 
to some extent, but the axial repeat of the sub- 
units remains rather constant 

When all the ATP in the muscle is lost and 
the muscle goes into rigor, it is believed that a 
major portion if not all of the cross-bridges 
become attached to actin filaments Since the 
subunit repeat of the actin and the spacing of 
the cross-bridges are entirely different, a 
matching of the cross-bridge and its binding 
site on the actin monomer occurs only once 
every several thousand angstrom units along 
the filaments, therefore, bonding of the cross- 
bridge to actin requires a change in conforma- 
tion of the actin and/or cross-bridge molecules 
in going from the resting to the contractile 
state. Thus, x-ray diffraction studies of muscle 
in rigor reveal marked changes m the attach- 
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Fig 1 63 Diagram of cross-bridge arrangement on 
thick myosin-containmg filaments of frog sartorius mus 
cle which would account for the observed x-ray pattern 
{From Huxley 1969) 
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Fig 1 64 Suggested behavior of myosin molecules 
in the thick filaments The light- meromyosm {LMM) part 
of the molecule is bonded into the backbone of the fila- 
ment while the linear portion of the heavy-meromyosin 
[HMM) component can tilt further out from the filament 
(by bending at the HMM-LMM junction) allowing the 
globular part of HMM (that is the Si fragment) to attach 
to actin over a range of different side-spacings while 
maintaining the same orientation (From Huxley. 1969 ) 



Fig 1 65 Diagram of the arranqemont of G at tin 
monomers in actin (4) filaments derived from x ray dif 
fraction and electron microscope observations Both the 
pitch of the helix and the subunit repeat differ from those 
of the myosin {M) filaments indicated schematically along 
side Thus cross-bridges between filaments would act 
asynchronously and a sequence of them would develop a 
fairly steady force as the filaments moved (From Huxley 
1969) 


ment of the cross-bridges to actin but no 
change m the actm filaments per se The 429 A 
repeat pattern of the cross-bridges dns^ippears 
completely indicating that a large portion of 
the cross-bridge structure is displaced from the 
position it normally occupies during rest The 
pattern observed in rigor indicates a helical 
pitch of 720 A which approximates the helical 
pitch of the actin filaments This observation 
confirms that, in rigor, a high proportion of the 
cross-bridges attach to the actm filaments. 

The axial separation of the cross-bridges 
remains unchanged at 143 A during rigor al- 
though the bridges rotate away from the 
myosin backbone, and thus extend more per- 
pendicularly toward the actm filaments. With 
this reorientation a span of 5 cross-bridges (5 X 
143 A) closely matches the 720 A pitch of the 
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actm filaments permitting an increase m the 
number of bonds formed 
The Myosin Filament Mode! Huxley has 
suggested that cross-bridges are attached at 
their bases to the backbone of the myosin fila- 
ments by a short subunit tail which is soluble in 
physiological solutions This tail (approximately 
400 A in length) is attached to the thick fila- 
ment only at one end This type of attachment 
makes it possible for the cross-bridges to move 
away from the backbone toward the actm fila- 
ment As noted above the attachment of the 
heavy meromyosm (HMM) tail to the light 
meromyosin (LMM) of the thick filament back- 
bone IS susceptible to trypsin digestion and, 
therefore, probably represents a less than heli- 
cal, flexible region of the molecule Similarly, 
the junction between the linear part of the 
HMM tail with the globular head is also sus- 
ceptible to enzymatic digestion (with papain) 
and this site of attachment probably also con- 
stitutes a flexible site Therefore, the presence 


of two flexible points on the tail of the cross- 
bridge would give the HMM head the mobility 
needed for it to become properly oriented to- 
wards the actm filament during contraction 
(Fig 1 66A, H, and C) 

On the basis of both mechanical and bio- 
chemical considerations, the flexible tail of the 
cross-bridge cannot itself account for the devel- 
opment of tension during contraction inasmuch 
as the ATPase activity of HMM remains with 
the globular head after the linear tail is re- 
moved by enzymatic treatment However, the 
orientation of the linear tail to the thick fila- 
ment backbone suggests that the tail serves to 
sustain the tension which is developed by the 
globular end of the HMM cross-bridge Obser- 
vations of interactions between cross-bridges 
and actm filaments indicate that globular 
HMM binds tightly to actm at least during 
part of the contraction cycle, therefore, Huxley 
has suggested that the linkage of the globular 
HMM to actm is the most stable and rigid (al- 
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Fig 1 66 Diagram showing relative positions A of filaments and cross-bridges at two different interfilament 
spacings [(A) 250 A and {B) 200 A] corresponding, in frog sartorius muscle to sarcomere lengths of ~2 0 and '^3 1 
ju The x-ray diagram (not shown) suggests that in a relaxed muscle the cross-bridges do not project very far toward the 
actm filaments During contraction or m ngor the cross-bridges could attach to the actm filaments by bending at two 
flexible junctions as shown in (C) (From Huxley 1969) 
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belt temporary) attachment between the thick 
and thin filaments In this hvpothesis, tiltinj^: of 
the globular HMM head of the cross-bridge at 
the site of attachment to the actin would ini- 
tiate the sliding of the actin filament along the 
myosin filament (Fig 1 61 A) In an alternative 
hypothesis, a similar sliding of the actin fila- 
ment IS initiated by a mechanism irnolvmg 
oppositely directed movements of the paired 
subunits in each globular head of the cross- 
bridges (Fig 1 67 jB) 

In summary, 1) the ATPase acti\it\ of 
myosin and the high affinity of the cross- 
bridges for actin is associated with the globular 
HMM head of the cross-bridge, and 2) the 
sliding of the thin (actin) filament along the 
thick (myosin) filament depends on a charac- 
teristic cycle of attachment, movement, and 
separation of the HMM head of the cross- 
bridge to successive sites along the actin fila- 
ment as well as on the adaptability of the long 
(400 A) flexible HMM tail of the cross-bridge 

Davies (1963) has advanced an hypothesis of 
muscle contraction based on the molecular 
structure of the contractile elements This 
theory has the following assumptions /) the 
ATP-bmdmg site is located at the end of a 
mobile polypeptide which is a component of 
the HMM cross-bridge The bound ATP is 
held by three electrostatic positive charges 


(prohablv Mg ' ions linked lo ncgat i\ c t Inuges 
on the protein) J) I h(‘U‘ is a ti\e(i lU'gUive 
charge (perhajis phosphon Iseniue inside the 
HMM, neai the nmbde puKpc^ptide whuh 
repeds the negativeh chaigc^d loni/tal Ail^so 
that during lest the ass\ninietiu poK pep- 
tide chain is uncoiled .d When tlu‘ musde is 
actuated, thc‘ depolar i/at lan of (fie sauopLis 
mic leticulum hlienitc's enough i ak uini to 
make chelate links fietucnni the fiound \ f'P 
of the extended HMM poh pc‘pt idc‘ and the 
bound A>DP of the F actin Tins stt‘p provides 
the link for cdectiostatu bond fonnation he 
tween the actin iind nnosin hlanunts and 
neutrali/es the negative elnuge on the tennu 
nal phospluite resulting in tlie abolition of the 
repulsive loue within tiie HMM ddius the 
extended poh peptide lecoils and forms an a 
helix bv twisting and foinnng fivdrogcai lioncis 
as well as hycliophofnc bonds it the magnitude 
of the force thus cieated is great cmougfi to 
overcome the resistance of the senes td«istu‘ 
elements, actin molecules will fie pulietl <dong 
the mvosin filament and tfu^ muscle wdl 
shorten /) Idie Addhise actuitv of HMM is m 
side the c loss-bndge watli no iUtess to fH‘e 
cytoplasmic ATP When the* poh peptide chain 
coils, bound ATP is moved witiun tlu* lange oi 
activity of the HMM ATPasce whuli them h\ 
drolyzes the ATP and breaks the link between 



Fig 1 67 Diagram illustrating possible mechanisms for producing relative sliding movement by tilting of cross 
bridges A If separation of filaments is maintained by electrostatic force-balance, tilting must give rise to movement of 
filaments past each other B A small relative movement between two subunits of myosin could give rise to a farge 
change m tilt by the mechanism shown (From Huxley 1969 ) 
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actm and myosin ADP bound to the cross- 
bridge IS rephosphorylated in the next step by 
cytoplasmic creatine phosphate 

ADP may also slowly exchange with cyto- 
plasmic ATP The formation of ADP would 
thus serve to inhibit the activity of ATPase 
When ATP is regenerated, its negative charge 
will repulse the negative charge inside HMM 
so that the latter is extended along the actm 
filament 5) This process repeats itself as long 
as Ca'^+ ions are present However, because 
Ca'^^ ions are quickly sequestered by the sar- 
coplasmic reticulum, this active state is soon 
ended The sequestration of Ca"^^, being an 
active process, is also accomplished with the 
energy derived from ATP According to Davies 
the energy for contraction is provided by the 
formation of hydrogen bonds which had been 
previously split by the action of ATP 

On the basis of the above theory, Davies has 
suggested a number of explanations for many 
of the phenomena of muscle contraction, i e , 
1) the number of Ca'^’^ ions required for 
maximal contraction must be equal to the num- 
ber of cross-bridges, 2) the length of latent pe- 
riod is equal to the time it takes the released 
Ca++ ions to reach the sites of linkage between 
actm and myosin (the latent period also in- 
cludes the time taken up by the events leading 
up to the release of Ca'^^ and by the actual 
activation of actomyosm to contract), 3) follow- 
ing stimulation, the early volume alteration of 
muscle (first increase and then decrease) and 
the phenomenon of latency relaxation may be 
associated with differences m electrostriction 
between the states of Ca^+ tightly bound m the 
sarcoplasmic reticulum, m free solution m the 
sarcoplasm, and in the postulated bond be- 
tween the nucleotides, 4) the increase in the 
resistance to stretch following stimulation is 
associated with Ca'*"^ chelate links which form 
prior to contraction, 5) activation heat may 
be due to the dissociation of Ca^^ from their 
tightly bound sites m the sarcoplasmic reticu- 
lum 

The Single Muscle Twitch 

MECHANICAL CHARACTERISTICS 
OF MUSCLE 

A relaxed, unstimulated muscle is elastic and 
offers little resistance to stretch The force 
needed to stretch the muscle increases, how- 


ever, as the muscle is being extended The ten- 
sion developed in the muscle as a consequence 
of stretching does not increase linearly but ap- 
proximately exponentially as the length of the 
muscle increases (Fig 1 68) 

If resting muscle is exposed to a small load 
its elasticity is ‘Tubber-like,” that is, it short- 
ens when warmed and lengthens when cooled 
At greater load, i e at greater initial length, 
the elasticity is normal and not “rubber-like ” 

The elasticity of the resting muscle has been 
ascribed to properties of the contractile mate- 
rial itself or to the sarcolemma which involves 
the plasma membrane of the muscle fiber, the 
“basement membrane” material coating the 
outer surface of the plasma membrane and 
connective tissue elements associated with the 
muscle fiber surface At moderate degrees of 
stretch it is unlikely that the sarcolemma would 
contribute substantially to the elasticity of the 
muscle 

When a muscle or a single muscle fiber is 
stimulated by a single stimulus while extended 
by a moderate load, there is a brief lag between 
the arrival of the stimulus and the initiation of 
tension development This lag is referred to as 
the latent period (2 to 3 msec in the frog sarto- 
rius muscle) When the tension has reached a 
value exceeding the stretching force exerted by 
the load, the muscle shortens rapidly This de- 
velopment of contractile force is transient, and 
as the contractile force decreases, the muscle 
lengthens and returns to its relaxed condition 
(Fig 1 69) 

If a muscle is allowed to shorten freely under 
a given load (isotonic contraction) and this 
experiment is repeated applying different 



% of resting length 

Fig 1 68 Static length-tension diagram of isolated 
single muscle fiber at rest (From Buchthal et al . 1951 ) 



1-80 C E E n / L P 'L * L E 1 ') i ' ' 

loads, the degree oi shortening as well as the 
velocity of shortening are found to be de- 
pendent on the load With increasing load, the 
amount of shortening and the velocit\ of short- 
ening decrease and the latencv period in- 
creases 

K the stimulus is repeated at a sufficient 1\ 
high rate the muscle will not relax between 
each stimulation but rather will remain in a 
contracted state which is referred to as tetanus 
The plateau of such a tetanic contraction ex- 
ceeds the peak of a single twitch and, in tact, 
represents the maximum contractility of which 
the muscle is capable This plateau is main- 
tained until the muscle begins to fatigue at 
which time it relaxes gradually How^ever, if 
stimulation is discontinued prior to the onset of 
fatigue the tetanized muscle relaxes immedi- 
ately (Fig 1 70) 

CHANGES IN THE EXCITABILITY OF THE 
MUSCLE DURING THE CONTRACTION- 
RELAXATION CYCLE 

As noted above, a simple muscle twitch is 
characterized by a short period during which 
tension is being developed, the contraction 
phase, followed by a relaxation phase during 
which the muscle returns to a resting condition 
If an initial single effective (threshold or su- 
prathreshold) stimulus is followed by a second 
stimulus of the same or greater intensity, the 
muscle will or will not respond to the latter 
stimulus depending on the time interval be- 
tween the first and second stimulus In other 
words, there is a brief period following stimula- 
tion during which a second stimulus cannot 
elicit a response (Fig 1.71) This period of 
mexcitability is referred to as the absolute re- 
fractory period (ARP) or as the effective refrac- 
tory period (ERP) The duration of this period 
of mexcitability vanes from 5 to 50 msec m 
various skeletal muscles Then the excitability 
of the muscle returns gradually so that stimuli 
of greater than threshold intensity will evoke a 
response although threshold stimuli are ineffec- 
tive This period is called the '‘relative refrac- 
tory period” (RRP) 

The duration of the effective and relative re- 
fractory period varies from muscle to muscle 
(Fig 1 72) In fast muscles, the ERP and RRP 
are much shorter, therefore, fast muscles can 
respond to higher frequencies of stimulation 
For example, the insect flight muscle, which 
has a total response time (i e , the time re- 
quired to complete one full cycle of contraction 
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Fig 1 69 Simple mus( le lwit( h ,S stimulus LP 
latent period 


Start stimulation End stimulation 



Fig 1 70 Tetanic tensiot\ in response to hiqh frequent y 
stimulation skeletal muscle develops and sustains a level 
of tension greater than that of the simple twitch 



Fig 1 71 Effective and relative refractory periods 
S. stimuli given to the muscle at intervals R response of 
the muscle (a twitch). Re shows response to stimulus 
Se £RP, effective refractory period RRP relative refrac 
tory period 

and relaxation) of 2 to 3 msec , can twitch so 
rapidly that it literally flutters (at a frequency 
of approximately 3(X)/mm ) 

THE MOTOR UNIT 

In normal skeletal muscles, fibers probably 
never contract as isolated individuals, Instead 
several of them contract at almost the same 
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moment, all being supplied by branches of the 
axon of one spinal motor neuron In other 
words, when the motor neuron is excited by a 
stimulus at or above threshold, all muscle fibers 
innervated by the neuron will be activated The 
single motor neuron and the group of muscle 
fibers which it innervates is called a motor unit 
(Fig 1 73), this is the smallest part of the 
muscle that can be made to contract independ- 
ently The number of muscle fibers in this unit 
varies in different muscles, from 2 to 3 to more 
than 1000, the size of the unit is correlated with 
the precision with which the tension developed 
by the muscle is graded (see below) 

The gradation of the tension developed by a 
muscle depends on variation m the number of 
motor units activated as well as on the fre- 
quency at which each unit is stimulated 

OTHER CHARACTERISTICS OF A SINGLE 
TWITCH 

All-or-None Response Stimulation at 
threshold intensity (minimum effective stimula- 
tion) evokes a minimal twitch tension There is 
one response to one stimulus If the intensity of 
the stimulus is increased stepwise the ampli- 
tude of the twitch tension will likewise in- 
crease However, with continued increase in 
the intensity of stimulation, a maximal contrac- 
tile response is attained after which further 
stimulation no longer results in a change m the 
amplitude of the twitch tension (Fig 1 74) 

The explanation for these responses lies in 
the fact that with low intensity stimuli, only 
the most excitable nerve fibers respond and ac- 
tivate their respective motor units, but as the 
intensity of the stimuli is increased, more 
motor units are recruited until finally all motor 
units are responding at which time the twitch 
tension is maximal and, therefore, an increase 
in the intensity of the stimuli can no longer 
elicit an increased response It is to be noted 
that the individual motor unit responds in the 
classical “all-or-none” manner Recently, it has 
been possible to tease single muscle fibers and 
record their tension, in such preparations the 
'‘all-or-none” law is clearly demonstrated 

The Series Elastic Element. If a muscle is 
rapidly stretched during the early part of a con- 
traction, or even during the latter part of the 
latency period, it can be demonstrated that it is 
capable of developing a considerably greater 
tension than that recorded under normal condi- 
tions (i e , without stretching) at the same time 
after stimulation This observation has been 



in fast muscle 


I 

“O-— ERP- 

m slow muscle 

Fig 1 72 Relative duration of effective refractory 
period (ERP) in fast and slow muscles 




Fig 1 74 Recruitment of motor units with increasing 
stimulus intensity The response of the individual unit is 
' all-or-none but the threshold of excitability varies 
among the units 

interpreted to reveal the presence in the muscle 
of an elastic element coupled in senes with the 
contractile elements Following stimulation, the 
shortening of muscle is delayed because the 
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contractile elements must first stretch the series 
elastic elements before a tension can he re- 
corded externally 

The quick-stretching experiments also show 
that the contractile machinery is activated al- 
ready during the latency penoci and that this 
activation, the “active state,” very rapidly 
reaches a maximum which is maintained at a 
constant level for only a short period ot time 
The existence of a senes elastic element can 
be demonstrated in an obvious wav bv quickly 
releasing one point of fixation of an isometri- 
cally contracting muscle and allowing it to 
shorten to a new equilibrium length The ten- 
sion then falls to zero before a new level of ten- 
sion develops which is characteristic for the 
newly established length This instantaneous 
fall m tension has been ascribed to the un- 
damped series elastic element 

It IS likely that at least part (about half) of 
the senes elastic element resides m the con- 
tractile system itself and more specifically m 
the filamentous structure in which the mam 
muscle proteins are arranged, although the 
suggestion has also been raised that the Z line 
structure is the site of the series elastic ele- 
ment 

Resting Tension. It has been observed that 
muscle which is neither stimulated nor 
stretched beyond the normal body length still 
maintains some degree of tension, a phenom- 
enon which IS revealed by the simple fact that 
if a tendon is cut in vivo its associated muscle 
shortens Recently, Hill (1970) has adduced 
evidence that resting tension is due to residual 
long-lasting interactions between actin and 
myosin filaments and that it increases with 
rising ambient temperature 
Latency Relaxation. When a loaded muscle 
is stimulated, the first mechanical response 
which appears during the latent period is a 
slight lengthening which is referred to as la- 
tency relaxation This phenomenon, which 
must be due at least in part to the release of 
resting tension, begins about 1 0 to 1 5 msec 
after stimulation (frog sartorius) and lasts for 
about 2 msec 

It IS likely that latency relaxation reflects the 
disruption of long-lasting cross-bridge bonding 
between myosin and actin filaments just prior 
to the initiation of the more rapid “make and 
break cross-bridge bonding associated with 
the sliding process 

Latency relaxation is most marked at longer 


lengths of muscle and is lu^t at A\ ccuient when 
the muscle length is suhstant nilK (lOG ai more) 
below the normal bod\ length 

ISOMETRIC CONTRACTION 

When the two ends ot d inusiU* are held at 
fixed points, stimulation causes the de\c‘iop- 
ment of force without change^ in muscle Icmgth 
(isometric tension) If iidecjuate stiiuulatum is 
delivered so that <ill muscle* tih(*rs are s\nchio 
nouslv contracting, the isometru tensum !ol 
lowing a single stimulus changes as shown in 
Figure 1 69 If multiple' stimuli oi increiisnig 
frequency are delivered, the* isonu'tnc tension 
follows the s«ime curve as the* single twitch 
however, tension increases until it leachc's a 
maximum level which is maintained until the 
stimulation is discontinued This siist.uned 
maximal isometric tension, .is in flu' cast* ol 
sustained isotonic contiaction is referred to as 
tetanuh, and constitutes the maximum tc'usion 
that the muscle tan develop Tet.inu tension 
will decline shortly after the stimuli have 
ceased and the muscle then relaxes with d char™ 
actenstic time course Isometric tensicm is 4 ilso 
dependent on the length at which the muscle is 
kept during the experiment The length tension 
relationship for isometnc contraction (Fig I 76 
A and B) shows a maximum tcmsion at a kmgth 
slightly less than the length of the musclt' in the 
body This amounts to about d 5 kg /cm ^ It is 
important to recognize that the curvx* d in 
Figure I 75 H is a composite of <utive and 
resting tension If the component of resting 
tension (curve 1, Fig I 75 B) is subtnided, the 
curve of residual active tension vs time will 
rise and fall (curve 2, Fig I 75 B) indicating 
that active tension declines as the muscle is 
stretched beyond normal body length These 
length-tension relationships can be explained m 
terms of the sliding filament theory of muHcle 
contraction When tension b minimal, the 
length of the muscle is referred to as initial 
length (Lt) With the muscle length at Lj (consi- 
derably less than body length) the actin fila- 
ments overlap each other m the center of the 
sarcomere (Fig 1 56 D) to such an extent as to 
reduce the number of active sites available for 
interaction with myosin As the sarcomere is 
stretched, the “abnormal” overlap of the actin 
filaments is progressively reduced and accord- 
ingly, more active sites become available for 
linkage to the myosin cross-bridges. As the 
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muscle approaches the normal body length, the 
length at which tension becomes maximal is 
defined as optimal length (Lq) In this condi- 
tion the position of the actm and myosin fila- 
ments IS such as to provide a maximum 
number of active sites for interaction (Fig 1 56 
B) As the muscle is further stretched beyond 
the optimal length the overlap of actm and 
myosin filaments is again progressively reduced 
and contractile tension diminishes until a point 
IS reached at which there is no overlap (Fig 
1 56 C) and, consequently, no active tension 
can be developed At this point the muscle is at 
maximal length (L^ax) 

In isometric contraction the shortening of 
any contractile element is minute and a mod- 


erate configurational change associated with 
the lateral projections (cross-bridges) of the 
myosin filaments can account for the develop- 
ment of tension This would imply that, during 
isometric contraction, a large number of sub- 
units in the myosin filaments could interact 
synchronously to develop tension, the number 
depending on the degree of overlap The 
highest isometric tension has been recorded 
when the zone of overlap extends the entire 
length of the myosin filaments over which 
cross-bridges are present This implies that the 
development of maximum tension during iso- 
metric contraction is related to the condition 
allowing maximal interaction between myosin 
and actm During isometric contraction, how- 




Fig 1 75 The length-tension load-shortening velocity and strength-duration relations of the frog sartorius and 
the rabbit uterus The first picture in each row is an original record from an experiment with the uterus the second is a 
plot from the first record to be compared with the third in each row illustrating the same experiment with the frog 
sartorius Note the general similarities between the frog sartorius and the rabbit uterus m each of the three relations 
(Csapo 1950) 
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ever, the conditions tor inteiaction between 
myosin and actin can be restricted, since it 
IS mainly the subunits located at the ends ot 
the myosin filaments which are invoked, and 
since the length ot the sarcomere determines 
the number ot actin-myosin interactions 

ISOTONIC CONTRACTION 

When one end of the muscle is tree, it 
shortens while exerting a constant force The 
curve ot isotonic contraction begins with a short 
period of increased rate of shortening which is 
followed by a “linear period,” i e , a period of 
shortening at a constant rate during which the 
force of muscular contraction just overcomes 
the gravitational force The degree ot short- 
ening of a muscle bears a direct relationship to 
the load upon which it exerts force A progres- 
sive increase m the frequency of stimulation (at 
suprathreshold levels) will evoke a partial and 
then a complete state of tetanus which, under 
conditions of isotonic contraction, is character- 
ized by sustained maximal shortening (Fig 
1 70) The additional shortening observed 
during tetanus as compared with the shortening 
observed during a single twitch indicates that 
in the latter circumstance the muscle is not 
fully activated 

FORCE-VELOCITY RELATIONSHIP 

If a muscle is contracting isotonically (i e , 
shortening against a load), the velocity of con- 
traction IS inversely related to the load which 
the muscle is lifting If the muscle is unloaded 
it shortens with maximum velocity and as the 
load increases, the velocity of shortening de- 
clines When the load reaches a maximum 
(which IS equal to the maximum isometric ten- 
sion the muscle can develop), the muscle no 
longer shortens The relationship between load 
and the velocity of shortening is hyperbolic 
except at the extremes as shown in Figure 1,76 
Hill (1970) and co-workers adduced the fol- 
lowing empirical equation on the basis of data 
obtained from frog sartorius muscle tested at 0^ 
C 

(P -F a)(V + b) — constant (1) 

where P is the load applied to the muscle, V is 
the velocity of shortening and a and b are con- 
stants with dimensions of force and velocity, 
respectively It can be seen from Figure 1 76 
that when P == y q, P, being defined as 



Fig 176 Force velac tty relatioo, (}(»rivpij fruni ex 
periments mdde with velocity ds the in<i(*pendt*nr variable 
Velocity as v/A, force as Twenty four rotMsute 

ments in three experiments are shown as ttrt les The 
curve was drawn from the usual eciuation with const*jnts 
given in the text (From Hill 1970) 

the maximum isometru tension that the muscle 
can develop, therefore 

il\, I a)b constant (i) 

Therefore 

(P { a)(V i b} il\, t a)h (d) 

Equation 3 can be rearranged to take the 
following form 

(P f a)V (P, Ibh 

This equation states that the rate of extia en- 
ergy liberation during c<mtractK>n (over and 
above the energy used for actuation and raiiin- 
tenance of tension) is inverselv and Imearlv 
proportional to load This follows because both 
P and a have dimensions of force and V dxf 
dt, the rate of change m length. Thus, IP i 
a)V IS the rate of release of energy (force x 
distance) with time The right hand term iPo 
~ F}b increases as load iP) decreases, h being 
a constant of proportionality The significance 
of this observation was recognized long before 
the advent of shding-filament theory by Hill 
(1938) who postulated “that the inverse de- 
pendence of energy release upon load could 
be explained if each active point in the molec- 
ular machinery (i e , those sites which gener- 
ate tension and effect shortening) could exist 
m one of the two following states 1) m combi- 
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nation with each other and thereby develop- 
ing tension or 2) uncombined or free, and 
thereby able to take part m chemical transfor- 
mations At any instant the distribution of the 
active points between those two states would 
be determined by the load which the muscle 
bears If the ends of the muscle are fixed, so 
that no external shortening occurs and the 
tension developed is at its maximum (isome- 
tric contraction), all active points would tend 
to be in the combined state Thus, Po (maxi- 
mal tension, P at zero velocity) should be de- 
termined by the total number of active points 
With lighter loads fewer points would be in 
the “cimbmed” state and more in the “free” 
state, until both shortening velocity and the 
rate of energy release are maximal when the 
muscle shortens freely at zero load Here, be- 
cause essentially all active points are in the 
free state, the maximal shortening velocity 
( V^max) will be determined by the intrinsic rate 
at which the active points are able to undergo 
cyclic position changes which effect shorten- 
ing As a result, the limiting rate at which the 
active points of the contractile machinery 
couple and uncouple should determine both 
Vmax and the maximal rate of energy release” 
If the term “active point” is replaced by the 
phrase “actm-myosin interaction”. Hill’s en- 
tire analysis can be translated into present day 
concepts of the contractile process including 
the correlation of V"max and the rate of myosin 
ATPase activity (Barany, 1967) 

Hill observed that the constant, a, was inde- 
pendent of temperature and had a value of 15 
g when the maximum isometric tension (Pf) 
was 60 g Therefore, he postulated that in gen- 
eral the value of the fraction, a/P^, was equal to 
0 25 

From (3) it follows that when 

P == 0 and V = V^ax, then 

a Po 

and, rearranging, 

V'n.ax = b/a Po (4) 

Thus, substituting Hill’s values (Po = 60 g , a 
= 15g) 

V„,ax - 46 (5) 

Unlike a, b is temperature dependent exhib- 
iting a Qio ranging from 2 to 2 5 Thus, h ap- 
pears to be related to chemical processes under- 


lying the mechanism of shortening The value 
of b varies from muscle to muscle 

Further experiments involving the velocity of 
contraction, load, heat production and work 
performed by muscle provided independent 
data supporting the validity of the constants, a 
and 6, as employed in the Hill equation In 
these experiments the apparatus used to 
measure the generation of heat by muscle con- 
sisted of an elaborate system of thermocouples 
(referred to as a thermopile) connected to an 
ultrasensitive galvanometer (Fig 1 77) 

HEAT PRODUCTION DURING THE 
CONTRACTION-RELAXATION CYCLE 

Muscle contraction is associated with heat 
production, a sign of the chemical and physical 
events associated with contraction A rise of 
temperature in muscle can be measured to 
within about ° C, and the time-course of 
heat liberation can be resolved within a few 
milliseconds with the thermoelectric method, a 
technique which provides the only means to 
follow the rapid internal physical and chemical 
changes occurring during and after a contrac- 
tion 

The heat production of unstimulated muscle 
amounts to 0 0002 cal /g mm and is referred 
to as “resting heat ” The heat produced during 
a single muscle twitch is about 0 003 cal /g and 
appears as i) an initial very rapid heat produc- 
tion which starts before any shortening has 
occurred, and 2) heat liberated during short- 
ening in proportion to the amount of short- 
ening of the muscle If the muscle performs 



Protection 

Fig 1 77 The pile consists of two identical frames 
supporting three thermocouples connected with indif- 
ferent electrodes The couples are isolated by a thin 
sheet of mica (Aubert 1956) 
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work, additional heat is liberated in proportion 
to the work done (see Fenn effect below) The 
initial heat liberation has been associated witli 
the development of the active state, it is inde- 
pendent of the extent of shortening of load, of 
the velocity of shortening, of temperature of 
oxygen supply, and of work done — and is re- 
ferred to as “activation heat ” 

In the second stage of heat liberation the 
amount of heat released during shortening 
(Figs 1 78 and 1 79)—referred to as the “short- 
ening heat” — IS proportional to the degree of 
shortening 

U, a X ih) 

where a is the coefficient of the heat of short- 
ening and X IS the distance representing the 
decrease m length of the shorteed muscle 
In evaluating the total eneigy expenditure of 
muscle, one must consider the mechanical work 
accomplished as well as the heat produced 
Thus, the rate of release of energy during short- 
ening IS 

id/dt) F\ - id/dt) {H, I WO (7) 

where is the total energy expenditure in- 
volved in the overall shortening process, is 
the heat of shortening and W is the work done 
on shortening W equals Px where P is the load 
applied to the muscle and x, as defined above, 
IS the amount of shortening Substituting for 
heat and work in equation (7) we have 

(d/dt) F, ™ [d/dt) iax 4 Px) (8) 



Fig 1 78 Simultaneous oscilloscopic recording of 
mechanical tension (P) and heat production {h) during 
an isometric twitch (Aubert 1956) Note that in this 
recording increasing tension corresponds to a downward 
deflection 


ij 



TIME MARKS 0 2 SEC 



Fig 1 79 Htsit prodiu tton tiiitinq i .uto'ui ‘hurtrninq 
(tetanus 0^' C) (a) shoitoniruj dh.tafu«», uiulnr 

constant load of 1 9 (At 0 1) nun iiM)nu‘trK 1 (fil 
3 4 mm (C) 6 b mm iO) 9 6 mni \h) sfiortmiinq i rin 
stant distance 6 5 /nm undof v/annus loads f/l iso 
metric [H 31 9 q G) 23 / q \H) 1 ’ 8 q id 1 9 
q The ordinate represents total tusit prodtund (Hill 
1938) 

When !* is constant 

(d/dt) (dxq//) la 19) 

But dx/dt equals V', the velocitv ot contMction, 

therefore 

id/dt) E, • 19 fill) 

When energv' expenditure was measured at 
loads ranging from 0 to id/dt) h , was found 
to be inversely proportional hi load as follows 

id/dn E, d(/7 fill 

The constants a and h td etfuations t U to (8) 
were estimated by anahsis of the relationship 
between load and the velocity of sliortening, 
wheieas, the constants « and d of equatmns 
(10) and (11) were calculated from heat produc- 
tion measurements lire value for a proved to 
be 0 25 whereas, the value for a varied with 
load as follows o: - 0 18 P,, f 0 10 P, thus, a 
proved to be dependent on changes in which 
may range between 0 and P„ Accordmglv^ a 
has a lower limit of 0 18 P,, (when P i)) and an 
upper limit of 0.34 Po (when P Pj The con- 
stant, a, and a both have the dimension of force 
The Fenn Effect. Fenn (1923. 1924) ob- 
served that the total energy released bv a mus- 
cle (work + heat) increases as muscle w^ork in- 
creases This fundamental observation revolu- 
tionized the concept of muscular contraction 
because, previously, it had been believed that 
when a muscle contracts a preset amount of 
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additional energy is fed into the contractile 
machinery (in association with the assumption 
by the muscle of new elastic characteristics), 
and that this present increment of energy 
could be proportioned between work and heat, 
the total amount of energy (work -f heat) re- 
maining constant irrespective of the amount 
of work performed by the muscle In other 
words, it was believed that when the muscle 
assumes new properties associated with the 
contractile state, the total energy made avail- 
able to it for release as work and/or heat was 
determined by the activation process Fenn’s 
finding indicated that the energy release is 
determined not only by the activation process 
but also by the work load imposed on the mus- 
cle Thus the mechanical function was shown 
to control chemical reactions m muscle cells, 
the molecular mechanism being finely attuned 
to the work demand, (i e , the performance of 
a given increment of muscular work calls for 
the generation and delivery of a commensurate 
increment of energy) 

There is no heat liberated during relaxation 
except when a load stretches muscle In this 
case the liberated heat corresponds to the work 
done by the muscle during shortening, this 
work IS degraded into heat as the muscle is 
stretched 

Further heat is liberated during recovery 
This “recovery heat” is associated with oxida- 
tive chemical synthetic processes The recovery 
heat IS about equal to the total of the initial 
energy consisting of activation heat, shorten- 
ing heat and work Since about half this initial 
energy is derived from chemical reactions that 
are reversed during recovery it appears that 
about half the energy associated with the re- 
covery reactions is wasted as heat 

From a knowledge of the energetics of muscle 
contraction it is possible to estimate the me- 
chanical efficiency of a muscle, that is, the frac- 
tion of the chemical energy liberated during 
contraction and recovery that is turned into 
mechanical work This efficiency is generally 
not higher than 20 to 25%, part of the energy 
being wasted during contraction and part dur- 
ing recovery 

THE ACTIVE STATE 

The active state of muscle which develops 
following an adequate stimulus commences 
with the onset of latency relaxation The inten- 
sity of the active state (las) is defined as the 


“maximal isometric tension which contractile 
components can develop ” Only a part of this 
maximal tension is actually manifest in a 
twitch because of the damping effect of senes 
elastic elements, i e , the “spring-like” qual- 
ity of the series elastic elements initially ab- 
sorbs the energy developed during the onset of 
the active state as in the sarcomere 

las can be determined at various times after 
stimulation by measuring the maximum load 
that a muscle can sustain after a small quick 
stretch Shortly after a muscle starts to con- 
tract (about 20 msec after stimulation for frog 
muscle), a quick stretch demonstrates that, 
in fact, the load-bearing capacity of the con- 
tractile element has reached its peak There- 
after las declines exponentially and by the 
time the muscle has developed peak tension, 
las has subsided substantially 

las IS affected by the nature and concentra- 
tion of ions in the medium in which the muscle 
IS immersed and by drugs such as epinephrine, 
caffeine, nitrate, and quinine The duration of 
the active state is inversely related to tempera- 
ture (Qio - 2) 

Gasser and Hill (1924) had observed that the 
properties of frog sartonus muscle change dras- 
tically soon after it is stimulated For instance, 
stimulated muscle develops a resistance to 
stretch which is not observed at rest Further- 
more, as noted above, if the muscle is briefly 
stretched shortly after stimulation it develops 
maximum tension, however, if the muscle is 
briefly stretched at progressively lengthening 
intervals following stimulation it develops in- 
creasingly lesser levels of tension Conversely, if 
a muscle is stretched prior to stimulation and 
then released to the resting length at various 
intervals after the stimulation, it can be ob- 
served that quick release causes an initial loss 
of tension which is followed by a secondary 
development of tension However, the ampli- 
tude of this redeveloped tension is dependent 
on the exact time interval after stimulation that 
the muscle is subjected to the quick release 
maneuver These early observations provided 
the basis for the formulation of the concept of 
the “active state” by Hill (1927) Because max- 
imal tension (m a quick stretch experiment) 
is always observed almost immediately after 
stimulation, Hill postulated that m the simple 
twitch response all the contractile elements 
undergo a rapid transition from a fully resting 
state to a fully activated state which persists 
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for a variable period ot time, and then declines 
before peak contractile tension is reached {Via, 

1 80) 

The quick stretch and quick release expen 
ments of Hill have been confirmed and ex- 
tended by several other investigators ImtialK 
the results of these experiments were explained 
m terms of “viscous and elastic” components of 
muscle However, with the advent of electron 
microscopy and the new insights gained into 
the subcellular structure of the contractile ele- 
ments, less significance has been ascribed to 
the role of the “viscous” elements of muscle in 
the contraction process It also has become 
apparent that the instrumentation used mitialK 
to map the contour of the active state was 
rather insensitive Therefore, Hill (1970) has 
repeated his early experiments and revised his 
concept of the active state on the basis of the 
sliding filament theory of muscle contraction, 
as well as the newer data obtained with im- 
proved recording techniques For example, the 
early data suggested that the active state at- 
tained maximum intensity instantaneously and 
then remained at a plateau for 10 msec or 
longer It is now known that the active state 
requires approximately one-third to one-halt of 
the contraction time (i e , time elapsing be- 
tween initiation of tension development and 
attainment of peak tension) to reach maximal 
intensity and that it is not maintained at a pla- 
teau but instead declines immediately with a 
characteristic time dependence 

Using repetitive stimuli the contour of the 
active state can be mapped by measuring the 
distance between the peak and trough of con- 
secutive twitches With this technique it has 
been observed that the amplitude (intensity) of 
the active state is dependent on the resting 
length of the muscle, that maximal contractile 



Fig 1 80 Diagram of the effect on the tension de- 
veloped of stretching a muscle at various instants (A 
B, C D) dunog a twitch copied from records (From Hill, 
1970) 



Fig 181 A leohniqtu‘ for rn.ippinij tho < oottui/ of th(» 
active state The monopfuisu turvt^ is a rt‘u3f(lifu) of 
isometrK tension arui the hiphosn torve p a oh orhtnq of 
dp/dt the rate of c fuinqe in tfu* dev(»lop!nent and re 
lease of tension (From the reiords of one of tfie autfiors 
Penefsky ) 

tension is obtained at a sai<onu‘re hmgth ot 2 4 
to 2 5 p and that various agents whidi altei the 
contour of the active state max also alter the 
contour ot the action fiotential 

Tlie quick stretch and c|UU'k rt4cxisi^ methods 
for mapping the time course of tht‘ .u tive st^ite 
interrupt the instantaneous diangcs and pro- 
vide onlv discontinuous “steadv state” ijliinpses 
of the total time course Therefore, a new tech- 
nique has been developed which does not re- 
quire anv manipulation ot the muscle* and pro 
vides a continuous map of the iUlive state cam- 
tour In this technique, tension is transduced 
into an electncxil signal which, m turn, is dif- 
ferentiated so that the change in muscle ten- 
sion as a function of time, dP/dl, c*4in be re- 
corded for a muscle twitching isometncailv 
(Fig, 1 81) Inasmuch as the stretching oi the 
elastic elements (which develops the iMunetnc 
tension) is a reflection of the state of activitv of 
the contractile elements, the dP/dt airve in 
effect indicates the instantaneous changes in 
the contour of the active state Observ^at ions 
recorded by this “continuous” technique have 
confirmed 1) that the maximum intensity ot the 
active state is not developed instantaneously 
but requires a measurable period of time, i^) 
that after attaining maximum intensity* the 
active state declines immediately, 3) that the 
intensity of the active state depends on the ini- 
tial length of the muscle prior to stimulation, 
and 4) that various conditions which increase 
contractile tension affect either the peak or the 
duration of the active state, 
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ActB\^o^/ off the CoiDtractole iViechaoiosm 

STIMULATION VIA MOTOR NERVE 

The activity of muscle is controlled by the 
central nervous system through the motor in- 
nervation of the myofibers Each motor nerve 
fiber splits up into a number of branches that 
make contact with the surface of the individual 
muscle fibers with several bulb -shaped endings 
These endings are arranged in a group, and 
with a specialized structure of the surface of the 
muscle fiber they form a motor end-plate 

The stimulus conducted along the nerve fiber 
affects the nerve ending to release acetylcho- 
line, which diffuses across the minute gap sepa- 
rating the nerve ending from the muscle fiber 
plasma membrane At the motor end-plate, this 
membrane shows a complex series of invagina- 
tions forming minute crypts At this area of the 
muscle fiber surface, there is a high concentra- 
tion of acetylcholine esterase which splits (hy- 
drolyzes) the acetylcholine set free during stim- 
ulation of the nerve ending 

At rest, the electrical potential difference 
across the muscle cell membrane (i e , the 
resting potential) amounts to approximately 
— 90 mv The release of acetylcholine affects 
the lomc permeability of the plasma membrane 
of the muscle fiber at the neuromuscular junc- 
tion (postjunctional membrane) Due to the dif- 
ference in concentration of Na'*' ions (high out- 
side) and K"*" ions (high inside), the increased 
ion permeability gives rise to a sudden influx of 
Na+ ions and an efflux of K’^ ions through the 
plasma membrane This short-circuits the adja- 
cent parts of the plasma membrane and causes 
a drop m the membrane potential to the level 
where the membrane becomes electrically ex- 
cited (i e , the membrane potential rises to the 
critical firing level, approximately -50 mv ) 
and a wave of depolarization spreads along the 
muscle fiber (m the same manner as the nerve 
impulse is propagated along an axon) The elec- 
trical response developed as a consequence of 
the acetylcholine effect on membrane permea- 
bility can be recorded as an action potential of 
approximately 130 mv with the inside of the 
membrane briefly becoming positive The 
resting potential of about —90 mv is, there- 
fore, not only abolished but, as in the nerve 
cell, the distribution of positive and negative 
charges is reversed The conduction of one 
impulse involves only a minute amount of Na"^ 
ions (about 4 x 10" moles/cm ®) entering the 


muscle fiber and an equivalent leakage of 
ions to the extracellular space Through a re- 
covery mechanism, involving active transport 
processes, the ion concentration differences 
between the muscle cell interior and the extra- 
cellular space is re-established by Na^ extru- 
sion and uptake 

The activity of acetylcholinesterase rapidly 
abolishes the effect of acetylcholine The elec- 
trical response of the plasma membrane of the 
muscle fiber is therefore efficiently controlled 
by the nerve impulses reaching the motor end- 
plate Even without any such impulses there 
are minute spike potentials developed at the 
motor end-plate region of the muscle plasma 
membrane {end-plate potentials or epp) which 
have been ascribed to a spontaneous setting- 
free of minute “packages” of acetylcholine The 
concentration of acetylcholine that results from 
this “leakage” is, however, not high enough to 
produce a sufficient permeability change in the 
plasma membrane of the muscle fiber to raise 
the membrane potential to —50 mv , which as 
noted above, is the threshold for the develop- 
ment of a propagated electric response The 
minute spike potentials therefore remain local- 
ized to the end -plate region 

PROPAGATION OF EXCITATION ACROSS 
AND WITHIN A MUSCLE FIBER 

The impulse conducted along the muscle 
fiber from the end-plate region accounts for a 
spreading of a state of excitation along the 
fiber The activation of the contractile elements 
which are distributed over the whole cross-sec- 
tion of the fiber depends on spreading of the 
excitatory state from the plasma membrane 
transversally across the muscle fiber 

The action potential is associated with cur- 
rents flowing through the interior of the fiber 
These currents, however, are not directly re- 
sponsible for activating the contractile mecha- 
nism It IS, furthermore, not possible for any 
substance liberated at the surface of the muscle 
fiber in connection with the electric impulse 
propagation along the plasma membrane to ac- 
tivate the contractile elements by diffiision of 
the substance through the fiber, because such a 
mechanism would be too slow The activation 
is, furthermore, highly temperature-dependent, 
which also militates against a mechanism in- 
volving simple diffusion of an activating sub- 
stance 
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There is good evidence that the transverse 
tubules (T tubules) oi the sarcomere are in- 
volved in the propagation ot impulses inward 
from the plasma rnembrane These tubules 
measure about 300 A in diameter and run in a 
transverse direction through the muscle liber 
They are called the T svstem to distinguish 
them from those tubules ot the Stircopiasmic 
reticulum which are mainly longitudinal in ori- 
entation and, therefore, sometimes referred to 
as the L system The latter tubules torm irreg- 
ular networks along the m\ofibnls between the 
levels at which the tubules of the T system ex- 
tend across the muscle fiber The tubules of the 
T system are arranged in a regular fashion ex- 
tending from the plasma membrane toward the 
center of the muscle fiber at the Z line and/or 
at each A-I band boundrv, there is substantial 
evidence that these tubules are in continuitv 
with the plasma membrane and, therefore, that 
the narrow channel bounded bv the tubule wall 
IS continuous with the extracellular space It 
has already been noted that when a muscle 
fiber IS stimulated locally bv means of a mi- 
croelectrode in contact with its surface, the 
threshold for a local response is minimal at the 
level of the I-A-band boundary m muscles 
where the T system is located at that level and 
at the Z line in muscles where the T system is 
confined to the Z line level In the latter case a 
localized contraction of the two half-sarco- 
meres on either side of the Z line can be elic- 
ited by applying a minimal stimulus 
The nature of the impulse propagation along 
the T system is unknown Structurally, the 
conditions are fulfilled for an electrotonic 
spreading along the tubules of the T system of 
the electrical potential changes associated with 
the sarcolemmal membrane action potential 
The activation of the contractile machinery 
ultimately depends on the effect of an acti- 
vating factor capable of releasing the reactions 
that generate the active state It now appears 
>rthat ion is the final mediator of the proc- 
ess linking excitation of the plasma membrane 
to the initiation of contraction (excitation-con- 
traction coupling), the action of Ca result- 
ing from its binding to troponin (vide infra) 
The sarcoplasmic reticulum (S R ) has been 
shown in vitro to be able to concentrate cal- 
cium The parts of the S R that are located 
closest to the A-I-band overlap are character- 
ized by a high ATPase activity which may be 
related to a “calcium pump,” the ATP split- 


ting tinnishiag tlu‘ onoitw to diwe iht* pump 
In addition (\i nuu hr imciMbh hound 
to the S R It theietoie appeam hkeh that an 
impulse tumsiuittc'd hv the I s\steiu to the 
S R brings about a udease ot (a that has 
been pumped into ami oi bound b\ tlu* S R 
dhis leUxise oi (’a then initial in the ait na- 
tion ot the contrai't lie maihimus 

ELECTRICAL STIMULATION VIA fHE 
SARCOLEMMA 

Although the nonnal path (d tlu‘ activitv is 
via the neuromuscular jumtion, it is fiossihle to 
stimulate the sarcoienuna duet tl\ It the inten 
sitv of the stimulus is suhlinnnal <i brief local 
depolarization (an be iiuliKiHi which will re- 
verse upon the removiil oi the stimulus How- 
ever, li the stimulus depoian/es the mennhrane 
to the (Titical firing potmitial ithrt^shold) an 
action potential will he obseivial Ulumms the 
subliminal lesponse is dec remcuilal and does 
not propagate iar from th(‘ sit(‘ oi stimulation 
the action potential is seli-regenerat i\(‘ and will 
be conducted in both directions awa\ from the 
site oi stimulation 

Action potentials recorded from last skedetai 
muscles depolarize the membrane lapidlv, ov«t- 
sh(X)t, and then repolan/e rapidh to a kwel ot 
approximately 70 niv (in the frog sari onus) 
At this level of membrane potmitia! the repoiar 
ization process develops a reiatneh long time 
constant The membrane voltage during this 
latter period of slower repolan/ation is referred 
to as a negative after potential, as m the case of 
nerve The period of negative after potential in 
turn IS followed by a period oi hvperpolarr/a- 
tion (the jKisitive after potential) and then liy a 
gradual return towards the normal rc‘sting p<e 
tential, also similar to the response of nerv’t* 
fibers The contribution of various sites on the 
sarcolemma (surface membrane, transverse 
tubules) to the ionic fluxes which determine 
the shape of the action potential has been in- 
vestigated extensively, and it has been shown 
that depolarization of the muscle cell mem- 
brane IS largely due to Na ^ ion influx m most 
species although, m the crab, Ca * ^ ions are 
responsible for carrying most of the depolar- 
izing charge into the cell 
When the sarcolemma is depolarized or hy- 
perpolaiized by passing cathodal or anodal cur- 
rents through it, it responds (like the neuri- 
lemma) as if it has both resistive and capacita- 
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Fig 1 82 Two circuits considered for the element of inside-outside impedance in frog muscle fibers All parame- 
ters in both circuits refer to a unit length of fiber A four lumped parameter circuit and represent properties of 
the surface membrane and and properties of the path via the T system B distributed parameter circuit and 
Ca represent properties of the surface membrane y,n is the input admittance of a lattice model for the T system and 
7j IS the sarcomere length (From Schneider 1970 ) 


tive elements in parallel as well as in senes 
Following a square wave stimulus, the mem- 
brane potential depolarizes exponentially with 
a time constant indicating the presence of ca- 
pacitative elements which are accumulating 
charge The voltage drop across the membrane 
indicates resistance in the circuit The site and 
magnitude of these components have been in- 
vestigated more thoroughly in nerve fibers, 
however, recent studies of frog sartor ms have 
revealed additional components m muscle con- 
tributing to the electrical properties of the 
membrane in ways which have yet to be ex- 
plained definitively 

Various models have been proposed to ex- 
plain the electrical properties of the muscle cell 
membrane For example, it has been suggested 
that the input impedance of frog muscle fibers 
may be compared to that of a cable having in- 
side-outside impedance elements consisting of 
separate resistance and capacitance paths 
which are in parallel with a resistance and ca- 
pacitance in series (Fig 1 82, model A) How- 
ever, such models do not account for a radial 
potential gradient, inasmuch as the circuits are 
composed exclusively of lumped resistances and 
capacitances It has been suggested that radial 
gradients are possible only with circuits in 
which some of the resistance or capacitance 
elements are distributed throughout the fiber 
cross-section (Fig 1 82, model B) Thus, as- 
suming that the contractile system is uniform 
across the fiber, only a system with spatially 
oriented resistance-capacitance elements can 
account for the observations that deep myofi- 



Fig 1 83 Geometries considered for the T system 
lattice A and B portion of the in register (A) or out of 
register (B) lattice C and D elements combined to give a 
single equivalent radial element Arrows indicate principal 
path of internal current for in register (C) or out of register 
(D) cases of the model (From Schneider 1970) 


brils are activated later than, and require 
greater surface membrane depolarization for 
activation than myofibrils located near the fiber 
surface 

The possibility that there is a lattice system 
in the transverse tubules which might be repre- 
sented by the model shown in Figure 1 83 was 
tested by stimulating muscle with AC current 
of varying frequency and then analyzing the 
(phase angle frequency) response of the fiber m 
terms of both of the models shown in Figures 
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1 82 and 1 83 It was found that the observed 
time constants and capacitance values were 
similar for both models (i e , CJC^ was 1 73 
for model B and 1 74 to 1 8 for model A) 

The calculated time constant (C^ -j- C\) 
was 17 8 msec using model B and 14 3 msec 
using model A 

The fiber input impedance data exhibited a 
smoother transition in the intermediate fre- 
quency range when model B (which represents 
the T tubule lattice system) was compared to 
model A It is also noteworthy that the lattice 
structure accounts for the linear decrement of 
the applied current 

Although the transverse tubules appear to be 
an extension of the sarcolemma, the mem- 
branes may have different conductance proper- 
ties, as suggested by the analysis of the action 
potential recorded after the tubular system has 
been destroyed with hypertonic Ringer’s-glyc- 
erol solution and the analysis of membrane cur- 
rents after yoltage clamping 
The usual rapid repolanzation that follows a 
spike generated by the muscle membrane is 
due to a delayed rectification of the membrane 
Inactiyation of the conductance of Na"^ ions 
and increase in the conductance of ions 
are responsible for the quick phase of repolari- 
zation, following which there is an early and 
late negative after potential with the mem- 
brane remaining slightly depolarized for about 
0 25 sec Then the membrane potential drops 
below the resting potential (hyperpolanzation) 
and again returns to the resting level with a 
relatively long time constant 
The origin of the fast phase of repolanzation 
(delayed rectification) seems to be on the sur- 
face membrane, whereas, the after potential 
seems to originate mostly in the transverse tu- 
bules It has been shown that if the transverse 
tubules are destroyed by exposure to hypertonic 
solutions, muscle will no longer contract m re- 
sponse to stimulation (excitation -contraction 
uncoupling), in addition, the total membrane 
capacitance is reduced from 6 5 to 2 6 ixF per 
cm ^ and the after potentials will disappear, 
although the earlier features of the action po- 
tential (spike and the rapid phase of repolanza- 
tion) persist 

The after potentials are believed to be due to 
K+ ion accumulation m the tubules Using ru- 
bidium m place of potassium, it has been ob- 
served that the after potentials can be sup- 
pressed. 


The contribution of Cl ions to the ionic cur- 
rents of the muscle cell membrane have long 
been controversial It is now known that chlo- 
ride conductance iCui) is pH sensitue At 
values of pH of about 3 b , is inhituted 
Under such conditions it has been shown that 
in the tubules changes in direction during 
the after potential, this anomalous rectification 
seems to be a propertv of the surface mem- 
brane, whereas, the slow rectification (which 
accounts for the return from maximal hvperpo- 
lanzation to the resting potential at the end of 
the action potential cvcle) seems to take place 
within the tubules (which occupy a total ot 
0 002 to 0 OO.'Vf of the fiber volume) 

Many of the obserwitions noted above have 
been verified hv the recent observations of 
Adrian, Chandler, and Hodgkin (1970) to the 
effect that the potassium current can be di- 
vided into three separate components /) A cur- 
rent m a delayed rectifier channel of the muscle 
cell membrane which reaches a maximum m 
about 100 msec at a membrane potential of 
- 30 mv and then declines with a time coOwstant 
of about 4 msec until the fiber is repolanzed to 
— 100 mv This current inactivates completely 

2) A channel in which repolanzation is assoc lated 
with an increase in which is one or two or- 
ders of magnitude slower than the K c urrent m 
the delayed rectifier channel J) A very slow in- 
ward K current which has a time constant of 0 25 
sec at — 150 mv In addition a path for active 
uptake of ion is also postulated 4'he data 
on current flow obtained with the voltage 
clamping technique also suggests that I) the 
delayed rectifier channel must be m the surface 
membrane, whereas, the two other channels 
must be in the T tubules, 2) that Gk rather 
than tubular K concentration changes during 
the positive and negative after potentials, and 

3) that the after potentials can be explained if 
one supposes that potassium ions do not carry 
all the current or that some variable other than 
membrane potential is the factor which controls 
potassium permeability 

RECAPITULATION OF THE ROLE OF 
MONO- AND DIVALENT IONS 

i) K’*' ion, the major component of the intra- 
cellular fluid, functions chiefly to maintain the 
resting potential which approximates the 
equilibrium potential If the concentration of K 
m the extracellular fluid is increased, resting 
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membrane potential will decline according to 
the Nernst equation E - RT/F In [Ki]/[Ke], 
where is the intracellular concentration 
and Kg; is the extracellular K’^ concentration 

2) Na+ ion, the major component of the ex- 
tracellular fluid, functions to maintain the 
osmotic pressure (osmolality) of the extracel- 
lular compartment The permeability of the 
muscle cell membrane to Na+ is very low at 
rest but increases markedly following stimula- 
tion Thus, Na"*" ions “rush” into the cell and 
these positive charges depolarize the mem- 
brane Because Na^ permeability is voltage de- 
pendent, moie Na"^ ions “rush” into the cell as 
depolarization progresses in what amounts to 
an autocatalytic, positive feedback process 
which is propagated along the muscle mem- 
brane This self -regenerative process is quali- 
tatively identical to the action potential of 
nerve For a brief instant the inside is positive 
with respect to the outside At this point (the 
peak of the overshoot) the membrane potential 
approaches the Na"^ equilibrium potential 
However, the increased Na^ permeability 
quickly reverses, permeability to increases 
and the repolarization process is initiated 

The monovalent ion, Li^, can replace Na'*' as 
a carrier of positive charge into the muscle 
fiber, however, Li'*' ions tend to accumulate in- 
side the fiber because theie is no active trans- 
port mechanism to remove Li*^ from the intra- 
cellular space 

3 ) The role of Ca'^'^ ions in muscle physi- 
ology will be discussed below in connection 
with the relaxation of muscle and under the 
heading of “Excitation-Contraction Coupling ” 

4 ) Mg'^+ ions are important for the ATPase 
activity of myosin Most of the Mg'^^ is bound 
to muscle components, although the precise dis- 
tribution of Mg"^"^ among these components has 
not yet been clarified 

5 ) Cl“, the major anion in the extracellular 
fluid, passively follows the cations moving 
across the muscle cell membrane distributing 
according to the Gibbs-Donnan equilibrium 

Relaxing Factor 

The relaxation of the muscle fiber is asso- 
ciated with a removal of Ca^"^ ions via a cal- 
cium pump and/or specific bmding by the 
sarcoplasmic reticulum 

When sarcotubular vesicles are isolated from 
muscle homogenates by centrifugation, they 


can cause isolated actomyosin systems to re- 
lax, an effect which is due to then ability to 
accumulate ionic calcium and thereby remove 
it from the medium 

Addition of ATP to a hydrous gel of acto- 
myosm shrinks the gel, reducing its water con- 
tent This process (superprecipitation) is be- 
lieved to be an elementary contraction process 
The same process can be seen m glycerinated 
muscle fibers (i e , muscle fibers extracted with 
40 to 50% glycerin) When these fibers are ex- 
posed to ATP they show all the responses of a 
living contracting muscle However, when ATP 
IS removed from the glycerinated fibers, they 
do not relax Clearly then, m these systems, a 
factor IS missing which in living systems pro- 
motes relaxation following contraction 

The ionic strength, ATP concentration, pH, 
temperature, and other conditions can be al- 
tered so that the superprecipitate of the acto- 
myosin gel as well as the contracted glycerin- 
ated fibers can be made to relax However, in 
the living system all of the above conditions are 
probably constant, furthermore, the energy ex- 
penditure needed to effect changes m the 
concentration of salts, Mg^ ^ or ATP of suffi- 
cient degree to promote relaxation precludes 
such mechanisms on thermodynamic grounds 

The search for a physiological factor which 
reverses the contractile process has aroused 
considerable interest during the past 20 years 
In the early 50’s, Marsh observed that a 
shrunken actomyosin gel could be made to take 
up water by the addition of a supernatant fluid 
which had been recovered from the centrifuga- 
tion of ATP-treated muscle homogenate This 
muscle extract could relax contracted glycerin- 
ated muscle fibers The unknown component 
responsible for these effects was called “re- 
laxing factor ” Following the demonstration 
that relaxing factor was precipitated by 40*"^ 
saturated ammonium sulfate, it was suggested 
that it was a soluble enzyme which interacted 
directly with myosin ATPase However, soon 
after it was found to sediment in a moderate 
gravitational field, and it therefore appeared to 
be particulate m nature Many investigators 
attempted to find a small molecule which, on 
release from the particulate, “relaxed” the 
ATP -contracted actomyosin system However, 
several years elapsed before it became apparent 
that the relaxing effect could be due to the 
removal of an element from the contracted ac- 
tomyosin system, and therefore that the re- 
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laxmg factor could be the system involved in 
the removal and sequestration of this element 
In the mid-50’s it was observed that the ad- 
dition of ethylenediammetetraacetic acid 
(EDTA) m the presence of ATP mimicked the 
physiological action of the relaxing factor, but 
it was not until 1959 that Weber demonstrated 
that the ATP-actomyosin system depended on 
minute amounts of Ca'^^ for its ATPase ac- 
tivity 

The effect of the relaxing factor was then 
conceived to be a chelating system which was 
responsible for the removal of an agent, Ca^ 
which regulated the actomyosin interaction 
The relaxing factor was identified on further 
study as the fragmented sarcoplasmic reticulum 
recovered from a muscle homogenate It was 
shown that these vesicular fragments could in- 
deed concentrate Ca^"^ against very high gra- 
dients 

The Regulatory Role of Calcium 

It IS known that pure actin and pure myosin 
can interact when ATP is present Ca++ ions, 
although not directly involved in this reaction, 
are needed for the release of an in vivo repres- 
sion which prevents the interaction of actm and 
myosin 

The site of stoiage of calcium is the sarco- 
plasmic reticulum (SR) The binding capacity 
of the SR system tor Ca^^ ions is 160 mM of 
Ca+'^/g of protein with an association constant 
of? X The protein content of the SR is 

approximately 5 mg /ml of intact undiluted 
homogenized muscle The concentration of the 
calcium-receptive sites of the contractile system 
IS about 0 1 mM, the association constant of 
calcium for the contractile system is 1 X lO"® 
M ~ ^ The concentration of rapidly-ex changeable 
calcium IS 0 5 mM, and of nonexchangeable cal- 
cium 0 7 to 0 9 mM Most of the nonexchange- 
able calcium IS bound to actm The concentra- 
tion of free Ca'*'*^ ion in resting muscle is 3 X 
M That the rate of binding of Ca"*"^ ion to 
the SR system is indeed correlated with the 
rate of relaxation of muscle in vivo is shown by 
the finding that 40 m/iM of calcium was bound 
by 1 mg of SR protein within 30 msec at 20° C 
This means that the SR content of 1 g of 
muscle can bind 0 2 moles Ca^'^ ions within 
30 msec The amount of calcium released from 
1 g of muscle ranges between 0 1 to 0 2 moles— 
in close accord, therefore, with the results of 
the binding studies However, because of the 


relatively high Ca* ion c one ent lat ion m the 
living cell it ma\ take as long as 0 5 sec to le- 
move 0 2 moles ot calcium wheieas the relaxa- 
tion time of trog muscle at 2(k' C is onl\ 0 1 sec 
This disci epanev ma\ be explained bv the 
suggestion ot Ebashi and Kndo {1908) to the 
effect that in the isolated svstein the SR vesi- 
cles mav be paitialh inactivated and also that 
in vivo, there mav exist a membrane potential 
across the SH tubules which enhances the re- 
moval of Ca' ^ ions from the sai coplasm 

SITE OF BINDING OF Ca IONS 

Ca^ ^ ions are hound to the SR memhiane 
and concentrated in the lumen ot the SR tubes 
It has been calculated that more than 91 )^ ot 
the calcium in the 18 R svstem is in hound foim 

In the absence of ATP, Mg* ' binds readily 
with the SR system, how^ever with addition ot 
ATP, Ca * '■ replaces Mg‘ * It is suggested that 
the binding sites have a higher affimtv tor 
Mg*" than for Ca ^ ' However, ATP mav cause 
a conformational change in the relevant SR pro- 
teins, thereby increasing their affimtv for Ca ^ ^ 

Ebashi has suggested that ('a ^ ^ ions first hind 
with specific sites m the membrane of the SR 
system (step 1) and that this is the crucaal step 
in the relaxation of the muscle Most ot the Ca * * 
which acts as the trigger for contraction mav be 
derived from this hound form Part (d the ini- 
tially bound Ca^^ is then transported into the 
lumen (step 2) of the reticulum This transport 
IS mainly regulated bv the free Ca ^ * ion concen- 
tration inside the lumen which mav not exceed 
1 mM It IS possible that a part of tiansported 
Ca'*' + is bound to certain structures in the lumen 
ATP IS absolutely necessary for step I and its 
breakdown may take place in association with 
step 2 

Whatever may prove to be the detailed mech- 
anism of Ca"^’*’ accumulation it is clear that dur- 
ing the resting state the SR system is capable of 
reducing the sarcoplasmic Ca^ ^ content below 
the threshold level for the activation of the con- 
tractile process (i e , less than 10 ^ m) 

Ca'*‘+ IS the common regulatory ion m 
smooth and cardiac as well as skeletal muscle, 
however, contractile elements from various 
types of muscle are also sensitive m some de- 
gree to other alkaline earth metal ions For 
example, cardiac contractile elements have 
been found to have appreciable sensitivity to 
Sr'^'^ and Ba^+, whereas skeletal and visceral 
smooth muscle are less sensitive to the latter 
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ions It IS of interest therefore that cardiac tro- 
ponin appears to be six times more sensitive to 
Sr++ than skeletal troponin 

Ca^+ AND THE INTENSITY OF THE 
ACTIVE STATE 

There is a direct relationship between cal- 
cium ion concentration [Ca+^] and the inten- 
sity of the active state [lag] inasmuch as the ve- 
locity of contraction (which parallels lag) is pro- 
portional to [Ca + +] 

Increasing free ion concentration from 

0 05 to 8 mM decreases the Ca^"^ sensitivity of 
the contractile system Although the total mag- 
nesium concentration in muscle amounts to 10 
to 12 mM, the concentration of free Mg^"^, is 
likely to be low, because myoproteins (200 
mg /ml muscle homogenate) offer many 
binding sites to Mg+ + 

In glycermated rabbit muscle, as compared 
with intact muscle, the sensitivity of the con- 
tractile elements to Ca++ is higher by 0 5 pCa 
unit, presumably because the native tropomyo- 
sin in these systems may be partially de- 
stroyed by glycermation (pCa refers to the 
negative logarithm of the Ca^+ concentration) 

THE SITE OF ACTION OF CALCIUM 

If Ca^^ ions are introduced by microionto- 
phoresis at consecutive points along the sur- 
face of the sarcomere of glycermated crab mus- 
cle [soaked in relaxing medium containing Mg- 
ATP and ethyleneglycoltetra-acetic acid (EG- 
TA)], it is found that the site which requires 
the lowest lontophoretic current for the initia- 
tion of contraction is at the level of the A-I 
junction 

As the micropipette containing the Ca'*”^ so- 
lution IS moved away from A-I junction, pro- 
gressively stronger currents are needed to in- 
duce contraction Thus, it was concluded that 
Ca^"^ ions had to reach the zone of A-I overlap 
in order to contract the sarcomere m this spe- 
cies Essentially the same phenomenon has 
been demonstrated autoradiographically in frog 
muscle which was exposed to Ca'*® and quickly 
frozen immediately after stimulation Using 
this technique it was demonstrated that the 
density of is highest at the A-I junction 
directly after the initiation of contraction One 
to two seconds thereafter, most of the Ca^® was 
no longer observed at the A-I junction but 
rather was seen to be stored in the SR system 


or the extracellular compartment Thus, these 
experiments provide strong evidence indicating 
that the site of action of calcium is at the area 
of overlap of the thick and thin filaments 

Ercitatiors-Contracti©EH Coupleng 

From the foregoing it is clear that the stimu- 
lation of the muscle, either through its nerve oi 
directly, sets up a process which starts on the 
sarcolemma and ends in the contractile ma- 
chinery 

The pathway from the surface to the core of 
the fiber has been observed only recently It 
should be recalled that minute electrical cur- 
rents at the level of the Z band in frog skeletal 
muscle induce local contractions and also that, 
in the frog, the transverse tubular system is 
located at the level of the Z lines — whereas, in 
the crab muscle, local stimulation is effective 
only at the A-I junction area and the transverse 
tubules are also found m this area It should 
also be recalled that when the T tubules are 
destroyed by exposure of muscle fibers to glyc- 
erin, electrical stimuli no longer elicit a con- 
tractile response Thus, it seems clear that the 
depolarization process initiated at the myoneu- 
ral junction in the postjunctional membrane must 
then travel to the core of the myofibril through 
the T-tubule system 

Electron micrographs have shown that the 
closed end of the T tubules are in close prox- 
imity (50 A) to the terminal cisternae Thus, it 
is conceivable that the wave of depolarization 
traveling down the T tubule may trigger a new 
event involving the sarcoplasmic reticulum and 
leading to the contractile response 

On the basis of extensive observations it has 
become clear during the last few years that the 
passage of the wave of electrical activity via the 
T tubules into the core of the myofibril induces 
a release of calcium ions which had been bound 
to the membranes of the sarcoplasmic retic- 
ulum or stored within it After release the cal- 
cium ions diffuse to and bind at calcium sensi- 
tive sites (troponin A) It has been suggested 
that the binding of calcium to troponin A allos- 
tencally removes an inhibiting effect of tro- 
ponin B on the interaction of actin and myosin 
and, thus, calcium is the link which couples 
excitation (stimulation) to contraction (res- 
ponse) 

The entire process can be abbreviated as fol- 
lows Stimulus — ^ Depolarization of the sarco- 
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lemma Action potential initiated and propa- 
gated along the T tubules calcium released 
from the SR system Calcium ions diffuse and 
attach to the active site on troponin A the 
inhibitory effect of troponin B on the interac- 
tion of actin and myosm is removed — > actin 
filaments slide along myosm filaments short- 
ening the sarcomere This series of events is 
fully reversible under normal conditions Fol- 
lowing repolanzation there is an increase in the 
uptake of calcium ions by the sarcoplasmic re- 
ticulum As this sequestration proceeds, more 
Ca'*'^ ions dissociate from their binding sites on 
troponin A resulting m a restoration of acto- 
myosin-inhibiting property of troponin B and, 
accordingly, in a return of the thick and thin 
filaments to the resting state (relaxation) In- 
deed Podolsky and Teichholz (1970) have evi- 
dence that the rate of muscle relaxation is pro- 
portional to the removal of calcium from the 
contractile protein 

The Energy-Generating Systems 

The energy for muscle contraction is derived 
from chemical reactions in the muscle fiber 
The mam energy source is glycogen, which is 
present at a concentration of 0 5 to 1% of the 
wet weight of the tissue The energy associated 
with muscle contraction is made available 
without any oxygen being consumed, even 
when oxygen is present The oxidative (aerobic) 
chemical reactions are therefore not directly 
associated with muscle contraction but with the 
recovery processes which operate to provide 
energy m a form that is readily available to the 
contractile machinery, thereby securing a quick 
response to a stimulus. 

The compound that appears to be ultimately 
involved in providing energy to the contractile 
machinery is adenosine triphosphate (ATP) In 
this process, energy is utilized in a reaction 
coupled with the hydrolytic splitting of the 
terminal phosphate group from ATP, 

ATP ADP Pi (inorganic phosphate) 

This reaction involves a liberation of about 
7600 to 7800 calones/mole It has become cus- 
tomary to refer to the bond between the ter- 
minal phosphate group and the neighboring 
phosphate group as a “high energy or “energy 
rich” bond and to designate it by the symbol 
The adenosine triphosphate structure, 
therefore, can be written as follows. 


0 0 0 

II II II 

A-0-P~^0~P -O-P-OH 

I I I 

OH OH OH 

or 

A-P'-©-'© 

where A = adenosine adenine o-ribose 
This formula shows two energv-nch phosphate 
bonds in the ATP molecule Only the one asso- 
ciated with the terminal group is directly uti- 
lized during muscle contraction 
The ATPase activity of myosm permits the 
hydrolysis of ATP to take place at the contrac- 
tile machinery itself where the conditions are 
topochemically favorable for energy transfer 
from ATP to the myosm-actm system 

The restoration involves a phosphorylation of 
ADP to ATP In muscle, creatine phosphate 
(phosphocreatine) represents a second high- 
energy compound, in which phosphate is 
bonded to creatine by means of a high-energv 
bond Prompt resyn thesis of ATP is achieved 
by phosphate group transfer from creatine 
phosphate to ADP, catalyzed bv creatine kmase 
(Fig 1 84) Creatine P, depleted in this proc- 
ess, is regenerated by the transfer of a P from 
ATP to creatine During the recovery period 
ATP IS formed by oxidative phosphorylation of 
ADP Ln this way a second form of storage of 
high-energy phosphate as creatine phosphate is 
built up in the muscle during recovery The 
ATP content of resting muscle is about 6 X 10" ® 
moles/gram muscle tissue which is four to six 
times less than the content of creatine phos- 
phate The ATP and the creatine phosphate 
represent energy stored m a form that can be 
utilized rapidly Recharging of ATP through 
oxidative phosphorylation is a much slower 
process Since the high-energy phosphate 
storage m the muscle is sufficient to allow the 
muscle to contract only 50 to 100 times, the 
energy reservoirs are rapidly depleted For 
maintenance of muscle contractility, a steady 
supply of energy is required to recharge ADP 
Since the reactions associated with the con- 
traction, dephosphorylation of ATP, as well as 
the phosphate transfer from creatine phosphate 
to ADP, are nonoxidative processes, it becomes 
obvious that no oxygen is consumed during 
contraction provided that no recovery metabo- 
lism is maintamed m parallel Oxygen is con- 
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Fig 1 84 Resynthesis of ATP with phosphate from 
phosphocreatme 


sumed during the recovery phase in connection 
with oxidative phosphorylation of ADP 

The energy required for the high-energy 
phosphate bonds of ATP and creatine phos- 
phate IS supplied by glycolysis and by the oxi- 
dation of acetyl Co A (derived from pyruvic 
acid) in the citric acid cycle with the associated 
oxidative phosphorylation by the respiratory 
chain 

In addition to glycogen, fatty acids and 
ammo acids can furnish fuel for the muscle, 
and m resting muscle, glycogen breakdown is 
not required to maintain metabolism Muscle 
metabolism can be maintained by the uptake of 
carbohydrates and other compounds from the 
blood In resting muscle, carbohydrates are re- 
sponsible for about 60% of the energy require- 
ments of the tissue 

When 1 mole of glucose is phosphorylated to 
glucose-6-phosphate and then enters the glyco- 
lytic pathway to be converted to lactic acid 
there is a net gam of 2 moles of ATP However, 
when glycogen per se is broken down to lactic 
acid, there is a net gam of 3 moles of ATP per 
glucose residue of glycogen so converted It is 
obvious that a limited recharging of ADP and 
creatine can occur in muscle without access to 
oxygen Breakdown of lactic acid, however, 
depends on the presence of oxygen, and under 
anaerobic conditions, the lactic acid concentra- 
tion will increase m the muscle and then be 
transported by the blood to the liver 

Glycolysis can be inhibited by lodoacetate 
poisoning and under those conditions the 
muscle will contract until the ATP and the 
creatine phosphate stores have been depleted 

Under aerobic conditions, the end product of 
glycolysis is pyruvic acid instead of lactic acid 


Pyruvic acid is oxidatively decarboxylated to a 
derivative of acetic acid, acetyl coenzyme A 
(acetyl Co A), and enters the aerobic citric acid 
cycle of Krebs, which results in its complete 
oxidation to CO 2 and H 2 O During the degra- 
dation, 15 ADP molecules are phosphorylated 
per molecule of pyruvic acid, which means that 
30 ADP molecules are phosphorylated during 
oxidation of the two pyruvic acid molecules 
derived from each glucose molecule Since, as 
noted above, 3 ADP molecules are phosphoryl- 
ated during glycolytic conversion to lactic acid 
of each glucose residue derived from glycogen 
and 6 ATP molecules derived from the oxidation 
of the 2 DPNH molecules generated during gly- 
colysis, a total of 39 moles of ATP are formed 
from glycogen per mole of glucose residue de- 
graded 

Total oxidation of glucose to CO 2 and HgO 
yields 686,000 cal /mole, but only 56,000 
cal /mole is produced when the glucose degra- 
dation does not proceed further than to lactic 
acid The efficiency of glycolysis, that is, of the 
energy-generating reactions under anaerobic 
conditions, can be calculated by assuming that 
the phosphorylation of three ADP molecules 
represents about 24,000 cal This is 
24,000/56,000 X 100, or about 43 ^0 of the po- 
tentially available energy during glycolysis fol- 
lowing glycogenolysis In comparison with the 
energy released during complete oxidation of 
glucose — 686,000 cal /mole — the energy stored 
in 3 molecules of ATP will represent 
24,000/686,000 X 100, or about 3%, of the total 
energy available as chemical energy in glucose 
This shows the low energy yields of anaerobic 
energy metabolism. In comparison, 36-4-3 
ADP molecules are phosphorylated in the aero- 
bic degradation of a glucose equivalent derived 
from glycogenolysis representing a free energy 
storage of about 312,000 calories The efficiency 
of the oxidative degradation of glucose is there- 
fore 312,000/686,000 X 100, or about 45%, 
which is in good agreement with the efficiency 
estimated from measurements of the recovery 
heat 

GLYCOGEN METABOLISM 

The first step in the synthesis of glycogen m 
muscle involves phosphorylation of glucose to 
glucose 6-phosphate, a reaction catalyzed by 
glucokirmse and associated with utilization of 
energy-rich phosphate m the form of ATP 
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(Uucose - ATP > ^dutose 6-phosphate 1 ADP 

The product, glucose G-phosphate, is a rela- 
tively energv-poor compound and this reaction 
therefore means that the equilibrium state ot 
this reaction favors the formation of glucose-f)- 
phosphate (G-6-P) G-6-F is converted to glu- 
cose 1-phosphate, a reaction CiitaK/ed hv the 
enzyme pho^phoi^lw omuta^e (Fig 185) Glu- 
cose 1-phosphate is then activated hv reacting 
with undine triphosphate (UTP) to torrn un- 
dine diphosphate glucose (UDl^G) This reac- 
tion IS catalyzed bv UDPG pyrophosphon^lasc 
The glucose moietv of UDPG is then trans- 
ferred to a pre-existing ghcogen molecule (pri- 
mer) to which it IS attached in an a 1 , t-hnkage 
This reaction is catalv/ed by the en/vme g/vco- 
gen s\'nthetase {UDPG-glvcogen-transgluc o- 
sylase) The formation of such bonds gives 
rise to linear changes ot glucose lesidues At 
intervals chains oi 8 to 12 glucose residues aie 
picked up and transferred to make a branch 
which is attached to the mam chain of glucose 
residues by means ot an a 1,6 linkage This 
reaction is catalyzed by the ""branching en- 
zyme" (amylo-1 ,4-1,6 transglucosylase) In 
this way, a branch point is established, and the 
glycogen molecule grows to a large, highly 
branched structure (Fig 1 86) with a molecular 
weight that ranges from 240,000 to 10^ 

During glycogenolysis (Fig 1 87), glycogen is 
tirst partially degraded to a- n- glucose- 1 -phos- 
phate, this degradation is catalyzed by glyco- 
gen phosphorylas€y an enzyme whose activity is 
confined to the 1,4 links All of the residues on 
the branches, except for the proximal residue, 
are transferred to the mam chain by the de- 
branchmg enzyme The 1,6 linkage involving 
the proximal residue is then split by amvlo- 
(1 ,6)-glucosida$ey releasing this branch point 
residue as free glucose Thereafter the remain- 
ing molecule can be degraded completely by 
glycogen phosphorylase 
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F>g 1 85 I rjtercon version of glucose phosphates by 
the enzyme phosphoglucomutase 
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Fig 1 87 Glyc oqonolyMs 

Glycogen phosphorylase, witli a molectilar 
weight of 370, (KX), consists ot four pol> peptide 
chains The molecule is acted on by a muscle 
enzyme, phosphorylane phosphatase to remove 
phosphate groups from serine residues present 
in each polypeptide chain This results in a 
rearrangement of these chains to a dimenc 
form of the enzyme which is virtually inactive 
m the absence of adenosme-fi'-monophosphate 
(AMP) The tetramer, which does not require 
AMP, IS referred to as phosphorylase a and the 
less active dimer as phosphorylase b The en- 
zyme contains pyridoxal phosphate bound to a 
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lysyl residue through an azomethme linkage 
(Schiff base) Phosphorylase h is found in 
resting muscle Active enzyme, i e , phospho- 
rylase a, is generated by the action of phospho- 
rylase h kinase m the reaction 

2 phosphorylase 6 -f 4 ATP 

phosphorylase a 4- 4 ADP 

Phosphorylase h kinase (PBK) also appears in 
an active (phosphorylated) and an inactive^ 
(dephosphorylated) form, the inactive form is 
converted to the active enzyme by an ATP 
coupled enzyme system, known as phospho- 
rylase b kinase kinase (PBKK) PBKK, like 
many other protein kinases, requires adenosine 
3'-5'-phosphate (cyclic AMP) lor its activation 

The breakdown of muscle glycogen is largely 
determined by the extent of conversion of phos- 
phorylase b to phosphorylase a in a process 
which IS under control of the nervous and endo- 
crine systems via neurohumoral-hormonal enti- 
ties such as epinephrine and by intracellular 
mediators (“second messengers”) such as cyclic 
AMP Recently it has been found that the ki- 
nase kinase also catalyzes the conversion of gly- 
cogen synthetase to the inactive phosphorylated 
synthetase (glycogen synthetase d) and may be 
related to or identical with glycogen synthetase 
kinase, therefore, when the phosphorylase 
system is activated by phosphorylation, the syn- 
thetase IS inactivated by the very same process 
This biochemical switch permits glycogen 
breakdown to occur without the concurrent 
competition of synthesis Such a coupling 
makes eminent physiological sense because fu- 
tile competition between glycogen synthesis 
and breakdown with a consequent wasteful dis- 
sipation of energy is thus prevented 

Glucose 1 -phosphate is converted to glucose 
6-phosphate in a reaction catalyzed by the en- 
zyme phosphoglucomutase 

Glucose l-phosphate;=iglucose 6-phosphate 

This reaction requires glucose- 1,6-diphosphate 
and Mg+'*” as cofactors The enzyme is revers- 
ibly phosphorylated during this reaction by a 
transfer of one of the phosphate groups from 
glucose- 1,6-diphosphate to a serine residue 
The phosphate group of the esterified enzyme 

^ The dephospho form of PBK can be activated by 
Ca"*"^ ions, a phenomenon which suggests that the 
enzyme may be rendered active m conjunction with 
the Ca+'*"-dependent triggering of the contractile 
process 


then presumably is transferred to the 6-carbon 
in glucose 1 -phosphate to regenerate glucose 
1 , 6-diphosphate The glucose- 1 , 6-diphosphate 
necessary for this reaction is formed by transfer 
of a phosphate group from ATP to glucose 1 - 
phosphate in a reaction catalyzed by phospho- 
glucokinase These reactions can be summa- 
rized as follows 

(1) glucose- 1, 6-diP -f enzyme 

glucose-6-P + enzyme-P 

(2) enzyme-P glucose- 1-P 

glucose-1 , 6-diP 4- enz>Tme 

The resultant of these reactions is the conver- 
sion of glucose -1 -phosphate to glucose- 6-phos- 
phate 

Since glucose 1 , 6-diphosphate is regenerated 
m the above reactions the energy expenditure 
associated with them is small m relation to the 
net energy transferred to ATP during oxidation 
of glucose 

The glucose 6-phosphate enters the main 
pathway of glycolysis followed by complete oxi- 
dation via the citric acid cycle and its asso- 
ciated oxidative phosphorylation system The 
scheme m Figure 1 88 summarizes the path- 
ways of glycogenesis and glycogenolysis 


Glycolysis involves the degradation of glucose 
to P 3 TUV 1 C or lactic acid This breakdown of 
glucose can occur without access to oxygen, in 
which case the end product is lactic acid Two 
molecules of ADP are phosphorylated to ATP 
during glycolysis 

Glucose -f- 2 ADP 4- 2 lactic acid -f 2 ATP 

The conversion of free glucose to glucose-6- 
phosphate is b 3 q>assed when glycolysis follows 
glycogenolysis because glucose-6-phosphate is 
then formed directly from glucose 1 -phosphate 
m a reaction not involving utilization of phos- 


Gly cogen 



PP, + UDP-glucose ^ Glucose- 1 -phosphate H-UTP 
(pyrophosphate) IT 

il 

Glucose^ ^Glucose 6- phosphate 

-P. 

Fig 1 88 Summary of pathways of glycogenesis and 
glycogenolysis 
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phate-bond energy The net gam oi glyc()l>sis 
will therefore, m this case, be 3 moles ot AlTP 
per mole ot glucose residue in glycogen 

Glucose 6-phosphate is converted to fructose 
6-phosphate in a reaction catalyzed bv p/?os- 
phohexose isomerase A second phosphate 
group is introduced at the 1 -carbon ot tnictose 
6-phosphate to yield fructose 1 , 6-diphosphate 
The phosphate group is transferred from ATP 
and the transfer is catalyzed by the en/\me 
phosphofructokinase Since 1 mole of ATP is 
dephosphorylated per mole fructose l,b-di- 
phosphate formed, this reaction involves ex- 
penditure of energv 

In the next step the 6-carbon compound fruc- 
tose 1 , 6-diphosphate is split between C-3 and 
C-4 to yield two three-carbon compounds, di- 
hydroxyacetone phosphate and i)-glyceralde- 
hyde 3-phosphate The enzyme aldolase cata- 
lyzes this cleavage 

The two triose-phosphates formed are inter- 
convertible by isomerization, and dihydroxv- 
acetone phosphate is converted to i)-glvceral- 
dehyde 3 -phosphate m a reaction catalyzed by 
triose phosphate isomerase 
D-glyceraldehyde 3-phosphate is then oxi- 
dized to 1 , 3-diphosphoglyceric acid by p/ios- 
phoglyceraldehyde dehydrogenase (triose phos- 
phate dehydrogenase) in the presence of inor- 
ganic phosphate, and DPN^ bound to each 
subunit of the enzyme Sulfhydryl groups in the 
molecule are of decisive importance for the ac- 
tivity of this enzyme The inhibition of glycol- 
ysis by lodoacetate is attributed to the fact that 
this compound reacts with these sulfhydryl 
groups 

The energy of oxidation involved m the oxi- 
dation of 3-phosphoglyceraldehyde to a carbox- 
ylic acid IS retained within the molecule m the 
form of the bond energy of the intermediate, 

1 . 3- diphosphoglycenc acid 

The bond energy is sufficient for a transfer of 
a phosphate group from the 1 position of 1 , 3- 
diphosphoglyceric acid to ADP The enzyme 3- 
phosphogly ceric acid kinase catalyzes this reac- 
tion 

1 . 3- diphosphoglyceric acid -f- ADP 

3-phosphoglyceric acid ATP 

The sum of this reaction and that involving 
oxidation of glyceraldehyde 3-phosphate is the 
following 

Glyceraldehyde 3-phosphate + Pi -f DPN"^ -f ADP 



One molecule ot ATP is thus forined for each 
molecule of 1 3~diphosphogl\UTK and dephos- 
phorvlated The energv stored m the ATP 
molecule has been derived trom tin* energv of 
the exeigonic oxidation ot i) gl\ ceraideinde 3 
phosphate This is an example ot the (oupling 
of an energv -releasing oxid*ition with phosphor- 
ylation of ADP in order to retain energy m a 
chemuallv available form thus preventing it 
from being dissipated <is heat Oxidiition of 
diphosphopv ndine niuh'otidt* iDPNH) is also 
coupled to ADP phosphorv lat ion and vields 3 
moles of Al'P [>er mole DPNH (se{‘ Ixdovv) 

An exchange react urn between cvtoplasmic 
and intramitochondnal DPMI is re(|Uired be- 
cause the permeability of tin* initochondnal 
mernlirane toi DP\H is low Sevenil mecha- 
nisms for such an exclumge have bc^en pro- 
posed, but the actual reactions th<it piedomi- 
nate in vivo «ire not known 

The 3-phosphoglvcenc acid is transformed 
into 2-phosphoglvcc‘nc aend in an intermediate 
step m which 2,3-diphosphogiveeru* acid is uti- 
lized as a cofactor The overall reaction is cata- 
lyzed by phosphoglwerornutase and is similar 
m mec'hanism to that involving G-l,{)-diP (see 
above) 

2-Phosphoglvcen(* acid is converted bv dehv- 
drataon to phosphoenol-pvruvic acid m the 
presence of enolase The phosphate group of 
phosphoenol pyruvic acid is linked to the mole- 
cule by a high-energv bond, A transter to ADP 
of the phosphate group vields 1 rnoiecuk* of 
ATP and pyruvic acid This reaidion is cata- 
lyzed by pvruvate kinase m the presence of 
Mg* 

This IS the last reaction during glvtolvsis that 
can furnish energy for synthesis of ATP Under 
anaerobic conditions, DPNPI formed as a result 
of conversion of 3 phosphoglvceraldehyde to 3- 
phosphoglyceric acid can he oxidized to DPN* 
in a reaction where pyruvic acid is reduced to 
lactic acid The coupling of these two reactions 
IS essential under anaerobic conditions, because 
DPNH cannot be oxidized by the mito- 
chondrial electron transport system which re- 
quires oxygen The coupling occurs, however, 
also m the contracting muscle with normal 
blood supply when the requirements regarding 
the speed of DPNH oxidation are too high to 
be satisfied by the mitochondrial system. Lactic 
acid IS therefore formed also under aerobic 
conditions when the muscle activity exceeds a 
certain intensity 

The coupling of the reactions leading to res- 
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toration of DPN’*’ can be summarized as shown 
in Figure 1 89 No oxygen, however, is con- 
sumed during glycolysis and the presence of 
oxygen is not required 

The reactions in the glycolytic breakdown of 
glucose are summarized in Figure 1 90 

Glycolysis occurs in the sarcoplasm, and the 
enzymes involved are part of the easily ex- 
tracted “soluble proteins” from muscle tissue 
which constitute about 30% of the total muscle 
protein 

The citric acid cycle (tricarboxylic cycle or 
Krebs cycle) represents a cyclic sequence of 
chemical reactions, by which acetic acid bound 
to coenzyme A (Co A) as acetyl coenzyme A 
(Acetyl CoA) is oxidized to CO 2 and HgO (Figs 
1 91 and 1 92) Pyruvic acid derived from gly- 
colysis furnishes one source of acetyl CoA Py- 
ruvic acid is oxidized in a series of reactions 
involving several enzymes, and four cofactors 
which form a complex constituting pyruvic acid 
dehydrogenase The following overall scheme 
illustrates the net effect of the reactions of 
Figure 1 93 

The acetyl CoA is an energy-rich compound 
and can also be formed from fatty acids and 
certain amino acids The citric-acid cycle, 
therefore represents a common pathway in the 
oxidative degradation of carbohydrates, fats, 
and proteins Glucose and fatty-acid metabo- 
lism represent, however, the mam sources of 
acetyl CoA 

In the citric-acid cycle, acetyl CoA reacts 
with the 4-carbon oxaloacetic acid to form the 
6-carbon citric acid, a reaction catalyzed by 
citrate synthase, formerly referred to as the 
''condensing enzyme ” Citric acid is converted 
to its isomer, isocitric acid Oxidative de- 
carboxylation of isocitnc acid results in the 
formation of a-ketoglutarate In a series of re- 
actions analogous to the pyruvate dehydro- 
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Fig 1 90 Glycolysis 


genase reactions (see above), succmyl CoA is 
formed from a-ketoglutarate and CoA The 
energy of the thioester bond of succmyl CoA is 
used to form GTP from GDP in a reaction pro- 
ducmg free succinate and free CoA Succinate 
IS oxidized to form fumarate and reduced FAD 
Hydration of fumarate to malate and finally 
oxidation of malate to form oxaloacetate com- 
pletes the cycle One molecule of the 2 carbon 
acetyl fragment is oxidized during the cycle, 
with 2 molecules of CO 2 and 4 hydrogen atoms 


3-Phosphoglyceraldehyde 
DPN + 


lactic acid 




1 , 3-diphosphoglyceric acid 


pPNH + 

► pyruvic acid 


(anaerobic) 


3-Phosphoglyceraldehyde 1 , 3-diphosphoglyceric acid 

H 2 O -f OPN^""^ DPNH + ^ 

^i/gCW (aerobic) 


3 ATP 


3 ADP + 3P, 


Fig 1 89 Anaerobic and aerobic restoration of DPN"^ 
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CH^V 

PYRUVIC AUdK 

J S COA 

CH^X 
AlETYL CoA 



H C COOH 
HC tOOH 
HOu tUOH 
IjOCIfFHC ACID 

CO../ 

H (“tOOH 


0 C~COOH 
(rrOGlUTARIC ACID 


SUCClNYU CoA 


Fig 1 91 The citric acid cycle 


LACTATE 

I (LAtTATt- DCMYDHOCFNA ( 

PVr-iUVATE 



Fig 1 92 The citric acid cycle and the electron trans- 
port chain 

removed The net exchange during one cycle ib 
shown in the following scheme 

CH3COOH -f 202-^2002 +■ 2H2O 4- energy 

The five energy yielding reactions involve 
3 steps in which DPNH is produced, one step 


lu which b \l)H IS piodiKtd and one sub 
stiate lc\ el [)iins{)}i(>i\ launn is intbaw 

(1) isocitrate I)P\ kt iMt i 

( O i)d\H H 

(2) (t ketoglutar ate I)P\ i'n\ ^iuun\l(’i)\ 

( !)d\n . H' 

{ \) Suciinvl(’o\ (JDP P, * stii. { inaU i'o\ 

d rp 

(P Suicinatf F\D *tuniar.itt k \!)H 

Ci) Malate l)P\ • oxaloai fl' 

OXIDATIVE PHOSPHORYLATION 
(FIG 1 92) 

The reactions in the titm acid c\(lt' aiecou 
pled to the respirator\ c h*nn tunsistiiur ot a 
sequence ot iudio^cui and (dertron i aniens 

T'he electron caineis are non containing 
hemoproteins or t\tochiointN which tiansfer 
electrons h\ alteuuiting hetwetni reduced and 
oMcli/ed states, the iron switching hc‘twc‘en ter 
rolls and lernc forms An intt‘rtiuniiate step 
involving the removal oi h\drogen troin DPNH 
bv DPNH dehvdrogenast‘ (whudi is a tlavopro- 
tein), precedes the passage ot elcn Irons along 
the senes of cvtochiomes in thc‘ (.irnei chain 
The Odvoprotem is ovuliycKi hv uhuiuinone 
(coen/vme (h CoQ). a lipid-soluhic* c|uinone 
acting as a coen/Mne TTu* evact position of 
ubiquinone in the respnator\ cdiain is not 
known, but it is freciuentlv consuieicHi to be 
positioned between FAD <in(i evtocdirome Ih 
where it then would act as a hvdrogen *uceptor 
In the next step, involving oxidation ot uhiqui 
none, the electron from hvdrogen is transferred 
trom ubiquinone to the first t'vto(*hrome in the 
cytochrome senes, cwtochrome h ((\t bK and 
the proton is added to the medium I'his, 
therefore, is the step at which hvdrogen trails- 
fei changes to electron transfer in the respira 
tory chain Electrons are now passed along the 
chain of cytochromes, involving m addition to 
cytochrome 6, cytochrome Cj {Dvt fiPXwto- 
chrome c (Cyt c), cytochrome a (Pvt n) and cyto- 
chrome oxidase or cvtochrome a » (Pvt aj Onlv 
the last member or the last two members of 
the group, cytochrome a 3 and a, can react di- 
rectly with oxygen When oxygen is reduced hv 
cytochrome oxidase, hydroxyl ions are formed 
that combine with the protons generated at the 
oxidation of ubiquinone to form water The net 
effects of the electron transport along the res- 
piratory chain are illustrated m Figure 1 92 
During the electron transfer along the respi- 
ratory chain, starting with DPNH, 3 ADP mol- 
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Cli, Cfl, 

C--=0 + HSCoA + DPN+ — (j:=0 + CO, + H+ + DPMI 

COOH SCoA 

/P>ruvic\ /Acet>l\ 

V acid / \ CoA ) 

Fig 1 93 Summary of reactions m which acetyl CoA is produced as pyruvic acid is oxidized 


A CoQH2+2Fe+++ — »-CoQ+2 H++Fe++ 

B I 02 +H 2 O +2 Fe++ — ►2 0H-+2Fe^++ 

Nst C 0 QH 2 + "^02 — ►CoQ“PH20 

Fig 1 94 Summary of reactions in which ubiquinone 
(CoQHi) oxygen and cytochrome oxidase interact to 
form water 

ecules are phosphorylated to yield 3 ATP mole- 
cules per atom of oxygen This is expressed as a 
P/0 ratio of oxidative phosphorylation of 3 
The energy for the formation of the high-en- 
ergy bonds is derived at three points along the 
respiratory chain, these three points are con- 
sidered to be in the segment between DPNH 
and cytochrome b, between cytochromes b and 
c, and at the oxidation of cytochrome c by 
cytochrome oxidase The minimum difference 
in oxidation-reduction potential which is re- 
quired to provide about 8000 cal for phos- 
phorylation of ADP is 0 18 V A difference in 
potential that is sufficiently large to satisfy 
this requirement exists at the first point of 
phosphorylation, and this reaction can there- 
fore proceed in connection with the transfer of 
a single electron The potential differences at 
the two other points are, however, too small to 
make energy available for ATP synthesis in 
connection with the passage of a single elec- 
tron Two electrons would be required It is not 
understood how the energy associated with two 
consecutive single electron passages can con- 
verge to generate 1 molecule of ATP 

At the fourth energy-yielding reaction in the 
citric-acid cycle described above, succinate is 
oxidized to fumarate by succinate dehydrogen- 
ase Since the oxidation of DPNH is bypassed, 
the P/0 ratio is 2 instead of 3 

The mechanism by which the phosphoryla- 
tion of ADP is coupled to the electron transport 
along the respiratory chain is unknown It has 
been assumed that the energy is transferred to 
ATP through two intermediate compounds via 
energy-rich bonds If this coupling mechanism 
is inhibited by drugs, respiration can, under 


experimental conditions, proceed without the 
generation of ATP, indicating that the electron 
transport system can remain intact when the 
phosphorylation is uncoupled 

Under physiological conditions, however, 
respiration and phosphorylation are tightly 
coupled and the rate-limitmg factors in these 
processes are the concentrations of ADP and 
inorganic phosphate The ADP concentration, 
on the other hand, is determined by the rate at 
which ATP IS utilized This represents a seif- 
regulatory mechanism by which the rate of 
energy generation is adjusted to the require- 
ments of the cell 

Table 1 6 summarizes the energy-yielding 
and energy-requiring reactions during glucose 
degradation In reactions 4, 5, and 9, ATP is 
formed from ADP participating^in the reaction 
In the other reactions except for reaction 10, 
ATP generation is a consequence of DPNH 
oxidation in the respiratory system of mito- 
chondria with phosphorylation of ADP coupled 
to the reaction 

DPNH -f -f DO2 = DPN^ -t- H2O 

DPN is bypassed in reaction 10 and hydrogen 
is transferred to FAD, and ATP is formed in 
connection with a coupling of FADH 2 oxidation 
and ADP phosphorylation according to the fol- 
lowing net reaction 

FADH2 -t- V2O2 — fad -f H ,0 

In reactions 6, 7, and 8 1 mole of CO 2 is 
formed for each mole of DPNH formed In gly- 
colytic degradation of glucose equivalents de- 
rived from glycogen olysis reaction 1 is not in- 
volved and the total number of moles of ATP 
formed per mole glucose equivalents is, there- 
fore, 39 

The enzymes of the citric-acid cycle and the 
components of the respiratory chain are located 
in the mitochondria of the muscle cells While 
the former enzymes can be extracted fairly 
easily from mitochondria, the components of 
the respiratory chain are tightly bound to the 
mitochondrial structure 
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Table 1 6 

Energy yield in glucose degradation 

Reaction \n*virld 

(1) (Rucose t ATP ‘ glucose b-phosphate \ VDP ^ 

(2) Fructose 6-phosphate i ATP *tructose I b-diphosphate < \l)P I 

(2) ‘2 D-glvcerdlcieh\de d-phosphate f 2 DPN ' | 2 P, I , > diphosphogKtt'iu u id 

2DPNH h 2 b 

(4) 2 1 ,d-diphosphoglvtenc acid f 2ADP^i — 2 PphosphogKceru at id f ? \ IP . > 

(5) 2 PhosphoenolpyruvK acid f 2ADI^ ► 2 p\ruvic at id • 2 ATP 

(6) 2Fyuvicacid f 2 CoA f 2 DPN ' ►2a(ct\lC'oA 1 2 DO, i 2DPNfl i 2H . (i 

(7) 2 hocitric acid 4 2 DPN ' ^ 2 o ketoglutaru acid i ICO i dDPNH » 2H' b 

(8) 2 a-ketoglutaric acid i 2 PoA \ DPN' ► 2suctin\l (h)A i 2DPNH t 2H' • 2( (? b 

(9) 2 Succinyl CoA I 2(rDF t 2 P, * 2siit( inic arid • 2 CoA i 2(rrP 

2GTP h2ADP?=^2(;DP f 2A'rP . ’ 

(10) 2 Succinic acid | 2 FAD^:^ 2 tiunanc at id | 2 FADH^ * I 

(11) 2 Malic acid { 2 DPN ♦ ^ 2 oxalacetic at id \ 2 DPMI } 2H b 

Total 


As noted m Chapter 1, the mitochondrion is 
characterized by a double surface membrane 
which forms a boundary separating the interior 
of the mitochondrion from the surrounding cy- 
toplasm In the interior, a system of inner 
membranes forms plates that are arranged 
more or less in parallel, and extend perpendic- 
ular to the long axis of the mitochondrion, al- 
most across its whole diameter Sometimes 
these inner membranes are arranged diagonally 
or longitudinally In the muscle mitochondria, 
the inner membranes are closely arranged and 
separated by layers of mitochondria matrix that 
are only a few hundred Angstrom units in 
thickness (Fig 1 95) 

The mitochondrial membranes consist of 
two presumably identical elements that are in 
close apposition to form a complex membrane 
structure The two membrane elements can 
easily be separated by uptake of water and they 
then appear to bound vesicular structures The 
whole mitochondrion also can increase its 
volume considerably by uptake of water, and 
the maintenance ot a normal volume depends 
on retaining the metabolism of the mitochon- 
drion The mitochondria contain 30 to 40% of 
lipid by weight, mainly located in the mem- 
brane structures 

It IS generally accepted that the components 
of the respiratory chain are arranged m the 
proper sequence in the membrane elements of 
the mitochondria and prevented from random 
motion due to this association Another type of 
constraint which may be imposed upon the 
mitochondrial membrane is the orientation of 



Fig 1 95 The structure of mitochondr(«i 


the binding sites of the earners; e*g , the hind- 
mg sites for DPHN dehydrogenase an<i suc- 
cinic acid dehydrogenase are assumed to face 
the matrix at the surface of the membrane ele- 
ments It has been speculated that the electron 
transfer might be facilitated by the close ar- 
rangement of the components of the respira- 
tory chain, which would allow transfer with 
small changes in orientation of the individual 
electron earners 

Electromyography 

The structural basis of electromyography is 
the motor unit In normal skeletal muscles, 
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fibers probably never contract as isolated indi- 
viduals Instead, several of them contract at 
almost the same moment, all being supplied by 
branches of the axon of one spinal motor 
neuron 

FUNCTION OF A MOTOR UNIT 

The muscle fibers of a motor unit normally 
contract sharply upon the arrival of impulses at 
frequencies ranging up to 50 /sec This fre- 
quency seems to be the upper physiological 
limit for axonal propagation of motor neurons 
in most mammals including man Ho^vever, 
motor units may be deliberately fired at much 
slower frequencies, even to as low as single iso- 
lated contractions at will Normal human 
beings can learn easily to provide various fre- 
quencies of impulses usually below 16/sec — 
from their spinal motor neurons 

The number of striated muscle fibers that are 
served by one axon, i e , the number in a motor 
unit, varies widely Generally, muscles control- 
ling fine movements and adjustments (such as 
those attached to the ossicles of the ear and of 
the eyeball, larynx, and pharynx) have the 
smallest number of muscle fibers per motor 
unit The muscles that move the eye have less 
than 10 fibers per unit, the muscles of the 
middle ear, 10 to 125, the laryngeal muscles 2 
to 3, and the pharyngeal muscles have 2 to 6 
These are all rather small and delicate muscles 
and they control fine or delicate movements 
On the other hand, large, coarse-acting muscles 
have motor units with many muscle fibers, e g , 
the human gastrocnemius has 2000 or more 

Even the largest bundles of muscle fibers are 
quite small, and so a strong contraction of a 
skeletal muscle requires the participation of 
many motor units Further, there is a complete 
asynchrony of the motor unit contractions im- 
posed by asynchronous volleys of impulses 
coming down the many axons Thus, with 
motor units contracting and relaxing at dif- 
fering rates, a smooth pull results (In certain 
disturbances the contractions become synchro- 
nized, resulting m a visible tremor ) 

The fibers in a motor unit of the rabbit’s sar- 
tonus may be scattered and intermingled with 
fibers of other units Thus, the individual 
muscle bundles seen in routine histology do not 
correspond to individual motor units as such 
In rat muscle, the fibers of a motor unit are 
widely scattered In man, a similar condition is 
probable, the spike potentials of each motor 


unit in the biceps brachii are localized to an 
approximately circular region of 5-mm diam- 
eter in which the fibers of the unit are con- 
fined However, the potentials can be traced m 
their spread to over 20-mm distance, thus the 
area of 5-mm diameter includes many overlap- 
ping motor units 

Motor Unit Potential. During the normal 
twitch of a muscle fiber, a minute electrical 
potential is generated, which is dissipated into 
the surrounding tissue The duration of the ac- 
tion potential associated with this twitch is 
about 1 to 2 msec , or even 4 msec Since all 
the muscle fibers of a motor unit do not con- 
tract at exactly the same time — some being 
delayed for several milliseconds — the electrical 
potential developed by the single twitch of all 
the fibers in the motor unit is prolonged The 
electrical result of the motor-unit twitch, then, 
IS an electrical discharge lasting about 5 to 8 
msec (and often as long as 12 msec ) The ma- 
jority of these motor-unit potentials have an 
amplitude of around 0 5 mv When displayed 
on a cathode-ray oscilloscope, the result is a 
sharp spike that is most often biphasic (Fig 
1 96), but it may also have a more complex 
form, depending on physical and other factors 

Generally, the larger the motor-unit potential 
registered, the larger is the motor unit pro- 
ducing it However, complicating factors, such 
as distance of the unit from the electrodes and 
the types of electrodes and equipment used, 
determine the final size and pattern of the in- 
dividual motor -unit potential that is recorded 
For further details, the reader should consult 



Fig 1 96 Normal electromyograms The single poten- 
tial in the upper left corner has a measured amplitude of 
0 8 mv and a duration of 7 msec 
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the papers of Basmaiian (1967), Buchthal et al 
(1957), and Hakansson (1957) 

Petersen and Kugelberg (1949) have shown 
that the electrode type affects the recorded 
duration and amplitude of the action poten- 
tials They demonstrated characteristic varia- 
tions, e g , the smallness of potentials in facial 
muscles as compared with those in muscles of 
the extremity Furthermore, they (and others) 
have found a slight prolongation with ad- 
vancing age 

Under normal conditions, the smaller poten- 
tials appear first with a slight contraction As 
the force is increased, larger and larger poten- 
tials are recruited, this being the normal pat- 
tern of recruitment This normal pattern is 
absent m cases of partial paralysis due to m|U- 
ries or lesions of the lower motor neuron, i e , 
the small potentials never appear, apparently 
because only the larger motor units have sur- 
vived 

Electromyographic Technique. The types 
and construction of electrodes used in electro- 
myography vary widely The two mam types of 
electrodes used for the study of muscle dy- 
namics are surface (or “skin”) electrodes and 
inserted (usually wire or needle) electrodes 
(described m detail by Basmajian, 1967) 
Basically, an elect romyograph is a high-gain 
amplifier with selectivity for frequencies in the 
range of 10 to several lOQO cycles per second 
(c p s ) It has been suggested that the sharply- 
peaked spectra of motor-umt potentials derived 
with surface electrodes render the use of ampli- 
fiers with limited frequency-response quite 
practical, and it has been found that 20 to 200 
c p s IS the most desirable frequency range for 
the elimination of amplifier “noise,” general 
nonmuscular “tissue noise” and movement ar- 
tifact without significant loss of motor unit po- 
tentials 

Function of Whole Skeletal Muscle 

GROSS ORGANIZATION 

Approximately 434 skeletal muscles, com- 
posed of some 250 million muscle fibers, ac- 
count for 40 to 45% of the human body weight 
The muscle fibers are enmeshed m collagenous 
and reticular connective tissue At the ends of 
the elongated muscle fibers the connective 
tissue forms a common bundle of fibers, the 
tendon The connective tissue surrounding in- 


dnidual muscle libers is (ailed the endomy 
Slum (Iroups ol nuisde til)ers, toilet ted into 
bundles or fast leles art‘ hound together hv a 
more dense Luer ot collagenous and elastic h 
hers tailed the pennusiurn FinalK the tolldg 
enous tissue which binds tht' lastult‘s into de- 
finitive muscle IS called th(‘ epinnsium The 
connective tissues ol all thes(‘ three* la\ers are 
actualH in continuitv with eiuh otlua 

TTie arrangement of tin* inustle fibers in a 
muscle is variable (s£‘e Fig 1 97) and has been 
classified as follows 

1) Muscle fibers parallel to the long <i\is of 
the muscle (eg, tfie strap like sartonus the 
pectineus, and the lusilorm bu't‘ps brathu and 
flexor carpi radialis) 

2) Muscle fibers obh(}ue to the* long «i\is of 
the muscle Muscles whose* IiIkts are arranged 
so that thev insert obliqu(‘K into a tendon ni- 



neties of striated skeletal muscle The pennate, flexor 
pollicis longus ifPL), multipennate, deltoid {£)], fusiform, 
biceps brachn {BB), bipennate. rectus femoris (Bf) err- 
cumpennate tibialis anterior {TA) radial, adductor longus 
{AL) and strap-like sartonus iS) (The male figure re- 
drawn from the First Muscle Tabula in Fabma by Ve- 
salius ) 
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elude several varieties Because of their resem- 
blance to feathers, with a) barbs unipennate 
(eg, flexor poUicis longus), b) bipennate (e g , 
rectus lemons), c) circumpennate (e g , tibialis 
anterior) , and d) multipennate (eg, deltoid) 

3) Muscle fibers arranged in a radial or trian- 
gular shape (e g , adductor longus, pectoralis 
minor) 

Muscles whose component fibers are in par- 
allel array are able to shorten over greater dis- 
tances than muscles whose fibers are organized 
in the pennate manner The penniform ar- 
rangement of muscle fibers is associated with 
those muscles which exert great force rapidly 
over a short distance 

In order for muscles to perform their function 
they are attached, for the most part, from one 
bone across a joint or joints to another bone by 
tendons or flattened sheets of connective tissue 
called aponeuroses The tendons and aponeu- 
roses are formed of collagen, which is flexible 
but practically inextensible 

The points of muscular attachment are called 
the origin and the insertion The origin of a 
muscle is usually the fixed or proximal attach- 
ment, while the insertion is the distal attach- 
ment to the bone which is moved There are 
exceptions and in many cases the designation 
of the origin and insertion of a muscle has be- 
come a matter of anatomical convention The 
force developed by an uncontrolled maximal 
contraction of a whole muscle is of little prac- 
tical use in the movements of man and animal 
Therefore, the force and movement generated 
in a given circumstance by a given muscle de- 
pends upon the time-integrated individual ac- 
tivities of its component motor units For fine 
control of movement one or more motor units 
are employed As more force is required the 
number of stimuli carried by each motor unit 
nerve is increased, along with the recruitment 
of additional motor units The grading of mus- 
cular activity is the result, therefore, of as 3 m- 
chronous firing of the motor units of a whole 
muscle 

In considering the function of muscles in 
man, it should be noted that no muscle acts 
alone even in the simplest movement, i e , a 
variety of muscles which are described as sy- 
nergists and antagonists are involved m each 
action The synergists are muscles which act 
together to produce a movement which no 
muscle could produce alone An example of 
synergistic function can be seen m the adduc- 


tion of the hand at the wrist The flexor carpi 
ulnaris will both flex and adduct the hand To 
produce adduction alone, the extensor carpi 
ulnaris must be brought into action to offset 
flexion and yet permit adduction of the hand 
by the flexor carpi ulnaris Antagonists, on the 
other hand, are muscles with opposed function 
For example, the biceps brachii and triceps 
brachii are mutually antagonistic with respect 
to movement at the elbow joint The muscle 
which produces the movement is termed the 
agonist while the muscle which opposes the 
movement is termed the antagonist The antag- 
onist is usually reflexly inhibited when the 
agonist IS brought into action, e g , if one holds 
a weight on the palm of the hand with the 
elbow flexed perpendicular to the body, the 
biceps brachii (m this case the agonist) de- 
velops tension while the triceps brachii (the 
antagonist) is flaccid This action is reversed — 
the triceps being contracted and the biceps 
relaxed — when the hand presses down onto a 
table with the arms flexed When however, the 
arm is extended and the elbow joint is fixed, 
both the biceps and the triceps are contracted 

Not all striated muscles are associated with 
the movement of skeletal parts at joints or with 
the fixation or maintenance of joint stability as 
related to posture Muscles serve as sphincters 
when they encircle an orifice (e g , eyelid, lips, 
and anus) Striated muscle is found m the 
upper two-thirds of the esophagus m a tubular 
arrangement which aids m the swallowing 
mechanism The diaphragm is a thin muscular 
sheet which upon contraction serves to enlarge 
the thorax and compress the abdomen, effects 
which are associated with inspiration This ac- 
tion is reversed during expiration when the 
muscle relaxes In addition, there are certain 
cutaneous muscles which have at least one of 
their attachments to the skin, e g , the mimetic 
facial muscles and the panmculus carnosus of 
the trunk 

TRANSMISSION TO THE 
SKELETON OF MUSCLE FORCE 

The force generated by a muscle is trans- 
mitted to the skeleton by means of its tendons 
The sub microscopic collagen filaments of ten- 
dons extend along the surface of the individual 
muscle fibers at the tapering ends of the muscle 
fibers The surface area of the muscle fibers is 
fairly large here due to longitudinal folds of the 
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plasma membrane There is close contact be- 
tween collagen filaments and the muscle liber 
surtace 

The shape of a tendon vanes with the shape 
of the muscle to which it is attached, but the 
muscle fibers are always oriented at an angle to 
the main direction of the tendon Muscles, in 
which the angle is relatively large, are called 
pennate muscles This angle, which never ex- 
ceeds 10 to 20°, serenes to prevent fruMiig of the 
tendon when the diameter of the fibers in- 
creases in connection with contraction and 
shortening 

A tendon may form one or several flat sheets 
at the region of contact with the muscle, and 
the muscle fibers can impinge on one or both 
sides of such a sheet The length of the fibers 
extending between tendons is usually consider- 
ably shorter than the overall length of the 
muscle The distance bridged by the muscle 
fibers IS related to the range of shortening 
under physiological conditions and to the fact 
that under these conditions the maximal short- 
ening of individual muscle fibers is kept within 
a certain limit, viz , about 30S of the maximal 
length of the muscle in the body This is pre- 
sumably an adjustment to the relationship be- 
tween the maximal tension developed by a 
muscle as a function of its length 
In places where a large force is required but 
where the range of shortening is limited, mus- 
cles are characterized by multipennate struc- 
ture with the tendons forming several septa 
arranged m two planes In this case the effec- 
tive cross-section of the muscle is considerably 
larger than the anatomical cross-section The 
septa of the tendons m the human deltoid 
muscle were found to develop gradually during 
embryologic growth and to be reduced in “old 
age ” It IS therefore likely that the gross struc- 
ture of a muscle is dynamically adjusted to its 
functional requirements as is its cross-sectional 
area. 

The cross-sectional area of a muscle increases 
when the muscle is forced repeatedly to develop 
maximal or close-to-maximal tension, as m 
regular exercise or work that requires forceful 
muscle action This increase is due to an in- 
crease of the cross-sectional area of the indi- 
vidual muscle fibers (hypertrophy) but not to a 
formation of new fibers (hyperplasia) Hyper- 
trophy will persist and increase only if the work 
load IS continuously increased during a training 


period ll the load is kept tonstant the gnmth 
of the muscle stops whvn its strength has been 
adjusted to the knui 

Muscles exposc'ci to sust<iuu*d ihvthnne ac 
ti\it\ over lairU long periods of tmu* at a load 
below maximum show an uuriMso m the den- 
sit\ of the network of blood c'apilianes ex- 
tending between the muscle* fihc'rs This ap- 
pears as an adjustment to the reqmienumts lor 
increased owgenation associated with this 
lorm of actwitx In animals c»\f>ennu‘nts have 
shown the elfeci to he more* pronouneed in the 
voung than in adults 

The subdivision of the muscle tissue^ into in- 
dividual muscles IS, as wms j)ointt*d out <i!)o\e, 
determined bv mechanic td fadors, the inustle 
tissue being split uj) into indiMclual muscles at 
places where large relit i\(‘ movements hc'tween 
parts of the muscle rmiss ocTur during move- 
ment ol the body Such translitional move- 
ments are most extensive* hetwenm muscles that 
exhibit antagonistic effects, such <is flexors and 
extensors Such muscles are also frecjUcmtK 
separated hv extensive connective tissue septa 
The individual muscles can therefore he classi- 
fied with rasped to their meehanuxil effeds on 
the skeleton 

The participation of a musde m a p<irtuular 
movement depends on the pattern of impulses 
transmitted to it from the c'entral nervous 
system Surprisingly these patterns can at times 
involve the activation of mechanic allv antago- 
nistic muscles (or parts of muscles f and the 
failure to activate mechanicalK svnergistic 
muscles It was found, for instance, hv eledro- 
myographic recording, that the ventral and 
dorsal portions of the human deltoid muscle 
participate m the abduction of the arm during 
the whole range of the movement m spite of the 
fact that these components of the deltoid are 
mechanically antagonistic during part of this 
movement On the other hand, these compo- 
nents are not neceasarily activated in adduction 
— even when the arm is so positioned as to 
render them mechanically synergistic, 

Therefore, one cannot always deduce the pat- 
terns of muscle activity associated with a par- 
ticular movement A direct recording of the 
muscle activity is required to give precise infor- 
mation regarding the patterns of activation of 
the various muscles participating in any partic- 
ular type of movement. This consideration ap- 
plies particularly to movement in ball joints 
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CORRELATED STRUCTURE AND 
FUNCTION OF SKELETAL 
MUSCLE FIBERS 

It has been recognized for many years that 
muscles vary in color, not only from species to 
species but also within the same animal 
Striking examples of this are the crimson red 
pectoralis of the pigeon as contrasted with the 
stark white chicken pectoralis and the red so- 
leus lying near the white gastrocnemius in the 
lower limb of animals and man In birds (fal- 
con, goose, and chicken) it has been shown that 
the amount of red pigmentation in the pector- 
alis muscle can be correlated directly with the 
capacity for sustained flight Furthermore, it 
was shown experimentally that it takes fewer 
stimuli per second to produce a smooth, sus- 
tained, maximal contraction (tetanus) in the 
red muscles than in the white muscles A gen- 
eralization derived from many investigations 
indicates that all slow-contracting muscles have 
red pigmentation, but not all red muscles are 
slow-contracting (e g , the soleus is a red, slow- 
contracting muscle, while the masseter is also a 
red muscle but it contracts more rapidly) 

In more quantitative terms, whole muscles 
provide a spectrum of speeds of contraction and 
relaxation as shown in Figure 1 98 It can be 
seen that the contraction time of an extraocular 
muscle (7 5 msec at 37° C) is 5 times faster 
than that of the gastrocnemius muscle (40 
msec ) and 12 times faster than that of the so- 
leus muscle (90 msec ) The extraocular muscles 
and the soleus represent the fast and slow ex- 
tremes in most mammals It is important to 
remember that whole muscles are not normally 
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Fig 1 98 Illustration of the isometric contraction- 
relaxation (twitch) curves for three mammalian skeletal 
muscles The lateral rectus (I R ) gastrocnemius iG) and 
soleus is) represent the extremes (fast and slow) and 
midrange in a spectrum of contraction-relaxation times 
for mammalian muscles The arrows indicate peak tension 
development which corresponds to the contraction time 
for each muscle (lateral rectus 7 5 msec gastrocnemius 
40 msec , and soleus 90 msec ) 


activated synchronously to yield the maximal 
twitch response of the kind recorded in Figure 
1 98 Furthermore, the twitch response of iso- 
lated whole muscles does not reveal the hetero- 
geneous nature of the tissue either in functional 
or structural terms 

Microscopic examination of histological sec- 
tions of muscle reveals variability in cross-sec- 
tional diameter, internal structure, and certain 
histochemical reactions of the muscle fibers 
An examination of the structural-functional 
components of the gastrocnemius also illus- 
trates the heterogeneity of muscle The white 
gastrocnemius muscle of the cat is m the mid- 
range of muscle speed (contraction time is 
about 40 msec and contraction-relaxation time 
about 160 msec ) The contraction time of the 
motor units which comprise the gastrocnemius 
vary from 17 8 to 129 msec with a distribution 
peak between 30 and 40 msec The peak distri- 
bution corresponds to the contraction time for 
the twitch of the isolated whole muscle In ad- 
dition, not all motor units produce a twitch 
response, however, the slow-responding motor 
units do develop tension when given multiple 
(tetanic) stimulation 

In general, large motor units have a higher 
threshold, contract more rapidly, and develop a 
greater degree of tension than the smaller 
motor units 

Histochemical and electron microscopic 
studies reveal that the gastrocnemius is com- 
posed of three distinct types of muscle fibers 
About 50 to 55% of the muscle fibers and 70% 
of the cross-sectional area are composed of fi- 
bers which are large and contain few mitochon- 
dria, as demonstrated by histochemical locali- 
zation of succinic dehydrogenase and adenosine 
triphosphatase activity About 30% of the 
muscle is composed of smaller dark cells with a 
greater density of mitochondria The remaining 
14 to 20% IS composed of the smallest dark fi- 
bers with densely packed mitochondria The 
large fibers are the classical white, fast twitch 
fibers, while the smaller dark fibers represent 
two types of red, slow contracting fibers The 
soleus muscle of the cat (but not those of the 
rabbit and rat) is composed entirely of the 
same intermediate dark fibers found to com- 
prise 30% of the gastrocnemius Therefore, 
these fibers can be classified as slow twitch 
muscle fibers The smallest dark fibers in the 
gastrocnemius are probably slow muscle fibers. 
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judging irom the phvsiologual (haractenstu s ot 
bome of the motor units in the gastrocnemius 
Although the cat soleus musile appeals to be 
structurally homogeneous its motor unit lon- 
traction time varies from aO to 193 msec The 
peak distribution of motor units has a contrac- 
tion time of 80 to 90 msec , which corresponds 
to the contraction at the twitch of an isolated 
whole muscle ApproximateK 90S of the soleus 
motor units develop 70S of their ma\imal ten- 
sion at low frequencv stimulation i e 2()/sec 
Some units develop a large traction of then 
contractile power at h to 10 stimuli /sec The 
soleus can maintain tone or tension as required 
by slow, low frequencv firing of its various 
motor units Experimental evidence also indi- 
cates that there is an overlap in contraction 
times (from 50 to 129 msec ) between the 
slower motor units of the gastrocnemius and 
the faster motor units of the soleus muscle 
Even the fast contracting extraocular muscles 
from the cat are composed of three morphologi- 
cally distinct muscle fibers The isolated muscle 
produces both a twitch-type contraction after 
single shocks and a slow, graded nontwitch 
contraction which is elicited only after multiple 
stimulation The variety of stmc tural and phys- 
iological properties of these muscles are, there- 
fore, basically similar to those of the slow^er gas- 
trocnemius 

THE INNERVATION AND 
SUBMICROSCOPIC ORGANIZATION 
OF TWITCH AND SLOW 
MUSCLE FIBERS 

The twitch muscle fibers can be character- 
ized physiologically by their ability to produce 
(on nerve stimulation) a propagated action po- 
tential and to respond with fast shortening or 
tension development Within this group many 
differences exist in color, contractile behavior, 
rates of conduction and contraction time The 
slow fibers, however, differ fundamentally from 
the twitch fibers because they have lower levels 
of resting potential (50 to 70 mv as compared 
to 80 to 90 mv for fast fibers), they do not pro- 
duce propagated action potentials, they exhibit 
a longer latency of response (6 to 8 msec as 
compared to 2 to 4 msec for fast fibers) — and 
they do not respond to stimulation by rapid 
shortening or rapid tension development Only 
repeated stimulation results m a significant rise 
in tension by these slow muscle fibers In addi- 


tion the slow mus< Ic iduTs arc' iiuu*r\atecl b\ 
nunuMuus ner\c‘ endings (the en grappe t\pe), 
distributed wideiv (nei the uhoic^ lihcT length, 
whereas the twitch liheis tirt‘ inneicated hv a 
single distr(‘le iotaii/ed ntT\e laidiru^ (the en 
placpie type) with a distinct neinomuseular 
junction Thc» numerous arcMs of nei\e contact 
which l()c<ilK a<ti\<ite the contiaitiie appamtus 
of the liber eompens,itc‘ tor tlie inahiht\ o( a 
slow fiber to produe(‘ propag»itc‘d muscle im 
pulses 

Although the slow muscle filuT s\stem is 
widelv found it has been studied in greatest 
detail in the frog In this .uurnal temsmn de\el- 
opment hv slow fihtns tollowmg lellev activa- 
tion IS similar to ttmsion deselopimmt tdter di- 
rect nerve stimulation IpioMded that \hv direct 
stimulation is of sufficient mtcaisitv to adivate 
most of the small ner\c‘ tibt*rs stT\ing the 
muscled T'hc‘ ni(»!oi units ot Uu‘ -•low fiber 
system m*i\ he normaliv tu1ivatc*d, therefore, 
hv a sviu*hroniHis high frecjueiuv discharge 
from the spinal cord In tlu‘ frog the* nerve fi 
bers to the slow muscle fibers are snuili and 
slow conducting (2 to 8 rn /see ) while tlie nerve 
fibers to the twitch fibers are larg(‘ and fast 
conducting (8 to tO m /sec ) \o oveilap of in- 
nervation between the two rnusede* groups has 
been found The slow muscle fibers ate reflexlv 
activated even during periods when the twitch 
fibers are at rest Thc‘ slow libers cvin also be 
activated during twitch liber activitv and can 
maintain large tensions onginalK prodiued hv 
the twitch fibers ovc^r verv long periods !)v 
virtue of low frequence Htimulation A function- 
ally useful synergism has been demonstrated hv 
the twitch and slow fibers in the frog diofibu- 
laris muscle First, small nerve stimulation at 
3()/sec results m a smooth nse in tension If a 
burst of twitch activity is added, via the large 
nerve system, the final tension developed ex» 
ceeds that which would have been developed 
without the twitch activity Secondly, when 
stimulation ceases there is a very gradual relax- 
ation of the generated tension If a burst of 
twitch activity is initiated during the slow re- 
laxation phase, the residual tension m the slow 
fibers collapses rapidly 

Slow fibers and twitch fibers have similarities 
and differences m their fine structure In both, 
the myofilaments of the myofibrils are of the 
same length even though sarcomere lengths 
may differ However, the slow fibers have no 
discrete M lines, the H zones are poorly de- 
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fined and the Z lines are thick Although the 
myofibrils tend to be large and vaguely defined 
m cross-section, this cannot be considered as a 
sole criterion for slow fibers 

A striking difference between twitch and 
slow fibers is the absence or poor development 
of the transverse tubular or T system in the 
slow fiber In the twitch fiber the T tubule is m 
continuity with the sarcolemma, but, in those 
slow fibers m which a T system can be recog- 
nized, the small delicate tubules have no spe- 
cific localization with respect to the sarcolemma 
or the contractile apparatus Thus, local con- 
tractions are not confined to specific areas of 
the myofibril The smallest contractile unit of 
many twitch fibers is that specific area of the 
myofibril between two adjacent M lines, the 
T-system being located at the Z line In other 
twitch fibers, the smallest contractile unit is 
the half sarcomere and, in this case, the T sys- 
tem IS found at the level of the junction of the 
A and I bands (see Fig 1 99) 

The motor nerve endings on slow muscle fi- 



Fig 1 99 Local excitation of twitch and slow muscle 
fibers The response to local subthreshold stimulation 
{SE) delivered to the sarcolemma (S/) is specific and 
discrete in twitch fibers In twitch fiber 1 a localized con- 
traction can be elicited in the region of the Z line This is 
the precise localization of the transverse tubules or T sys- 
tem in this fiber The smallest contractile unit {CU) there- 
fore is that area of the myofibril between two adjacent 
M lines (M) A A band / I band Z Z line 

In fiber 2 the local response is found at the level of 
the A band-1 band junction (A I) The T system in this 
fiber IS at the A band- 1 band junction The contractile unit 
(CU) IS thus a half sarcomere or that area of the myo- 
fibril between adjacent Z and M lines The sarcomere 
(SM) includes one A band and two half I bands Fiber 3 
represents a slow muscle fiber Stimulation of this fiber 
results in a variable or diffuse response No portion of the 
fiber IS selectively excitable The T system when found in 
slow fibers has a meandering course 


bers, as revealed by electron microscopic stud- 
ies, are readily distinguishable from those of 
twitch muscle fibers The specific region of 
nerve-muscle contact is small compared with 
that on twitch fibers In addition, there are no 
junctional folds m the muscle membrane or 
sarcolemma in the region of the nerve ending 
Such junctional folds are a constant feature of 
the motor end-plate in twitch fibers 

Among the various factors that may account 
for the difference in the slow and fast fibers, 
the nerve endings appear to have the most in- 
fluence For several years, cross innervations 
have been made between slow and fast mam- 
malian muscles The procedure is to cut the 
motor nerve to these fibers and cross them so 
that slow muscle fibers are innervated by fast 
firing nerves and fast muscle fibers are inner- 
vated by slow firing nerve endings It has been 
shown that after recovery from the cross inner- 
vation procedure, the slow fibers have a modi- 
fied behavior They contract more rapidly and 
they undergo morphological and biochemical 
alterations, e g , methyl histidine appears m 
myosin and there is an enhancement of the ac- 
tivities of several enz 3 anes inducing the ATPase 
associated with myosin The mam effect of 
cross innervation of fast muscle with slow nerve 
fibers is a slowing of the twitch 

It has been suggested that changes in the rate 
of firing of nerve fibers innervating skeletal 
muscle fibers may be a factor in the differentia- 
tion of slow and fast fibers There are some 
indications that if a fast muscle is cross-inner- 
vated with slow nerve fibers, but electrically 
stimulated at a rate of 30 to 60/mm (normal 
fast fiber rate), a change from fast muscle prop- 
erties to slow muscle properties is prevented 
Although we have very limited information 
concerning the exact role of motor nerves as a 
trophic influence, it is well-established that the 
integrity of the nerve supply is of utmost im- 
portance for the preservation of normal muscle 
structure and function, e g , sectioning a motor 
nerve is always followed by atrophy as well as 
paralysis of the muscle to which it is connected 
It is highly probable therefore that a trophic 
factor IS synthesized in, or at least conveyed to, 
the muscle through its nerve 

DIFFERENTIATION OF FAST AND 
SLOW TWITCH MUSCLES 

The growth and development of mammalian 
muscles with different contraction times has 
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been given much attention In general, all mus- 
cles m newborn animals are equally slow It 
takes about 6 weeks (m cats) for the fast twitch 
fibers to attain their adult speed The more 
slowly contracting muscles, such as the soleus 
and crureus, pass through a short period during 
which their contraction times quicken, but this 
IS followed by a progressive slowing until the 
adult condition appears in about 20 weeks It 
can be shown that the differentiation of the 
slow contraction time can be abolished if the 
cord is transected or if the lumbosacral spinal 
cord is isolated from incoming stimuli In this 
case, the muscles do not become slow, but after 
a few weeks the soleus and crureus become 
almost as fast as normal fast muscles (e g , gas- 
trocnemius) In adult rabbits, a similar trans- 
formation in the soleus will occur if the tendi- 
nous insertion of the muscle is cut (tenotomy) 
Electromyographic studies show that the soleus 
is normally continuously activated Upon tenot- 
omy, the continuous activity ceases even with 
intact motor innervation It can be concluded 
that motor impulse activity plays a funda- 
mental role in determining the speed of con- 
traction in mammalian skeletal muscle, al- 
though the exact mechanism is not known 
Following tenotomy, the red, slow con- 
tracting soleus IS transformed into a white, fast 
contracting muscle Not only have the mechan- 
ical properties of the soleus been changed, but 
the red color has disappeared The red color of 
muscle IS due to myoglobin which is related to 
the hemoglobin of red blood cells Myoglobin 
from skeletal muscles has a molecular weight of 
16,700 and contains 1 heme (iron-porphyrin 
complex) per molecule The hemoglobin of the 
blood IS composed of 4 hemes/molecule and dif- 
fers also m the protein globm Myoglobin has a 
greater affinity for oxygen than does hemoglo- 
bin, and it serves as an oxygen reservoir withm 
the muscle fiber In addition to its high affinity 
for oxygen, myoglobin loads and unloads its 
oxygen with great speed Myoglobin is probably 
sjmthesized within the muscle fiber much as 
hemoglobin is synthesized within the red blood 
cell 

A direct relationship has been found between 
the myoglobin content of muscle and the rate 
of blood flowing through a given muscle mass, 
usually referred to as the fractional blood flow 
and expressed as the per cent of cardiac output 
perfusing lOO g of muscle 


The densit\ of the capiilarv netv-vork (as 
measured by the alkaline phosphatase reaction) 
IS highest in the red fibers lowest in white fi- 
bers, and intermediate in "intermediate’' fi- 
bers Myocardial fibers and the external ocu- 
lomotor fibers have a denser capillar\ network 
than other muscles Twitch tune is proportional 
to the fractional flow (thus, red muscles twitch 
more slowK than white muscles) 

The nnosui ATPase acti\it\ is gieatest m 
fast muscle fibers least in slow tibeis, and in- 
termediate m "mteimediate” tibeis The pH 
optimum IS in the alkaline* range foi the* ATPase 
of white (fast) fillers and m the acid range for 
the ATPase acti\itv of slow fibers, the "inter- 
mediate’’ fibers have maximal ATIkise activity 
in an intermediate pH range In addition to 
ATPase, the properties of iildolase and other 
en/vmes have also been found to differ when 
red and white fibers were compared The high 
mvosm ATPase, which prohabK is i elated to 
the ability to shorten rapidly, serves to provide 
the speed and accelenit ion iu‘eded in the 
functions that the white muscles serve 

Metabolism of the red fillers is mostly 
aerobic while white muscles can <ilso function 
anaerobically as illustrated by the incn^iise in 
the lactic acid content in the veins draining an 
exercising muscle Such anaerobic metabolism 
leads to “oxygen debt,” from which the muscle 
must ultimately recover bv oxidative replenish- 
ment of its energy stores During fetil develop- 
ment while white fibers are differentiating, 
the histidine and Ivsme moieties of the muscle 
proteins are methylated It is estimated that 
white fibers contain 1 mole of 3-methvl-histi- 
dme per mole of myosin, whereas fetal, red, 
and cardiac muscle fibers do not contain any 3- 
methyl histidine The ATPase activity of the 
fibers increase three fold with the appearance 
of 3*methyl histidme. Actin fibers also contain 
3-methyl histidme, however, the methylation m 
actm IS unrelated to that in myosin 
Red slow muscle fibers undergo sustained 
rhythmic activity They respond to stimuli with 
prolonged contractures. They constantly ad- 
just to postural change They operate during 
periods of prolonged anoxic stress as demon- 
strated by diving mammals Accordingly, those 
animals whose activity is sustained generally 
have red muscles The lower myosm ATPase 
m red muscle permits muscular contraction to 
proceed with slower utilization of ATP This 
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facilitates the appropriate balance between 
chemical energy supply and mechanical energy 
utilization that must occur in a muscle that 
contracts steadily and without rest for long 
periods of time. 

White fast muscles undergo only short 
bursts of activity and possess little myoglobin. 


It should be recalled, however, that most mus- 
cles are a mixture of both red and white fibers. 
Nature has devised a mechanism, whereby the 
neuromuscular system utilizes both tonic and 
phasic contractions in order to provide an 
exquisite range of functional activity about 
which there is still much to learn. 
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Proteins are the realization ol the informa- 
tion contained in deownbonucleic acid (DNA) 
Through them this information is transformed 
into physiological work They are the primar\ 
constituents of cellular machinery and form an 
integral part of the regulatory systems that de- 
termine how the machinery operates 

The ubiquitous distribution of the various 
classes of proteins reflects the roles they serve 
in the body 

1) As structural elements they are found m 
the membranes of cells and organelles They 
are a major component of the various fibers of 
connective tissue — collagenous, reticular and 
elastic— as well as the ground substance 

2) Their function as enzymes is legion As 
such they are responsible for the ordered se- 
quential reactions which result in chemical and 
biological work This makes the thermodynam- 
ically unfavorable process called “life” pos- 
sible Special classes of enzyme proteins ful- 
fill a mechanochemical role Act in, myosin, and 
the related muscle proteins are involved in the 
conversion of chemical energy [adenosine tri- 
phosphate (ATP) ] into mechanical work 

3) Intramembrane carrier proteins act as 
shuttles, mediating the transport of various 
molecules and ions across the cell membrane 
When energy is required for the passage of sub- 
stances across the cell membrane (active trans- 
port) it IS the earners and their allied cofactors 
that generate a vectorial quality for the net 
movement of solutes into or out of the cell 

4) Proteins also serve a earner function in 
plasma by binding small molecules and ions 
and transporting them throughout the body 
Thus, thyroxin-binding globulin transports thy- 
roxine to cells where it is released and rendered 
active Transferrin, an iron-bmdmg globulin, 
delivers to hemoglobin-synthesizing loci 
The activity of ions such as can be con- 
trolled by the ratio of the free to the bound 
species When H+ ion is bound, the protein 
acts as a buffer to minimize changes in pH 
1-114 


Since cells are imperrneahile to pioteins, they 
also participate in dc^enmnuig thi* lonu distn 
hution and, hence the eledrual potential dif- 
ference acioss tc41 numibrancN ((hhbs-Donnan 
ecjiulibnum) Bv virtue of Us osmotit acUivitv 
albumin medhites the distribution of bodv fluid 
between the plasma and extnuidlular compart- 
ments 

5) The antibodv proteins (immimoglobulms) 
contribute to the hodv’s defense «igainst infec- 
tion 

()) Acting as hormonal messeriifvrs, pe^Uides 
and proteins (e g , insulin, growth hormone, 
vasopressin, etc ) c<irrv infonmition that regu- 
lates cell permeabiiitv and (ell metabolism 

7) They provide a source of fixed nitrogen 
tor the synthesis of essentml nonprotein nitrog- 
enous (‘om pounds such as heme, cre<itinme, etc 

8) After hydrolysis, the constituent ammo 
acids can be deaminated and midabolc/ed to 
CO^ and H/), and thus serve as sounes of erh 
ergv 

One of the most important properties of 
living systems, that of specificUv, is expressed 
through proteins This property is determined 
by the primary protein structure as dictated by 
the nucleic acid sequence m DNA and, in turn, 
by the conformational consequence of this pri- 
mary structure Each animal vSpecies and each 
tissue withm an organism can l)e characterized 
by its component proteins Indeed, it is the var- 
iation of protein content among tissues which 
results in functional specialization and tissue 
specificity (differentiation) This arises from 
the fact that each tissue selects ammo acids m 
a particular ratio from the total bodv pool ot 
ammo acids and polymerizes them into pro- 
teins characteristic for that tissue The varieties 
of proteins so produced (Table I 7) were claasi- 
jSed at the turn of the 20th century chiefly on 
the basis of solubility properties^ and there 
seems to be little prospect of a better classifica- 
tion scheme m the near future 
What is common to all proteins is the fact 
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Class of Protein 

Characteristics 

Examples 


A Simple proteins 


1) Albumins 

Soluble in water and coagulable by 
heat Present in both animal and 
plant tissues 

Serum albumin, egg albumin, lactalbu- 
mm, and various vegetable albumins 
such as leucosin (in wheat, rye, and 
barley), legumelin in lentils, soy 
beans, beans and peas, and phaselin 
in kidney beans 

2) Globulins 

Soluble in dilute saline solutions, insol- 
uble in water Animal globulins are 
coagulated by heat Vegetable globu- 
lins imperfectly or not coagulated by 
heat 

Serum globulin, fibrinogen (and fibrin) 
vitellin of egg yolk, and vegetable 
globulins such as excelsin (Brazil 
nuts), edestin (hemp), phaseolin (kid- 
ney beans), legumin (peas and len- 
tils), and tuberin (potatoes) A 
number of other vegetable globulins 
have been isolated and named 

3) Glutelins 

Found only in plants Insoluble in wa- 
ter, saline, or alcohol, but soluble in 
very dilute alkali 

Glutenin of wheat, oryzenin of rice, and 
glutelin of maize 

4) Prolamines or 

Found in cereals (except rice) Soluble 

Gliadin of wheat, hordein of barley, and 

gliadins 

in 70 to 90% alcohol, insoluble in 
water They contain a large propor- 
tion of proline and compounds giving 
rise to ammonia -nitrogen 

zein of maize 

5) Albuminoids or 

Especially resistant to the usual re- 

Keratin of hair, skin, bone, feathers. 

scleroproteins 

agents They enter into the construc- 
tion of protective and connective tis- 
sues, e g , skin, tendons, hgments, 
and bones 

tortoise shell and eggshell, elastin, 
collagen, ossein and gelatin of ten- 
dons, ligaments, bone, etc 

6) Histones 

Soluble in water and precipitated by 
ammonia solution and by alkaloids 
They contain a large percentage of 
basic (diamino) acids (Table 1 8) 

Globin of hemoglobin, thymus histone, 
scombron and gadus histone in sper- 
matozoa of mackerel and codfish, 
respectively 

7) Protamines 

Found m combination with nucleic acid 
in heads of fish spermatozoa Con- 
structed predominantly of basic 
ammo acids 

Salmine and sturine in spermatozoa of 
salmon and sturgeon, respectively 

B Conjugated proteins Proteins whose molecule is combined with another nonprotein group 

1) Nucleoproteins 

Nucleic acid in combination with a pro- 
tein belonging usually to the class of 
histones or protamines 

Present in cell nuclei 

2) Chromoproteins 

Protein in combination with a pigment 
(eg, hematin) containing iron, cop- 
per, or other metal 

Hemoglobin, hemocyamn, etc 

3) Glycoproteins 

Proteins other than nucleoproteins in 
combination with a carbohydrate 
group 

Mucin in salivary gastric and intestinal 
secretions, ovomucoid of egg white 
and chondromucoid of cartilage 

4) Lipoproteins 

Proteins in combination with lipid 

Present in plasma, milk, cell nuclei 

5) Phosphoproteins 

Proteins other than nucleoproteins and 
lecithoproteins in combination with a 
phosphorus-containing group 

Casemogen (and casein), vitellin of egg 
yolk 
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C Derwatiue*^ of proteins—derwed proteins These are produced Hn the action ot <h icis alkalis or proteoKtic 
enzymes upon certain ot the proteins listed abo\e 


a) Primary deriva- 
tives 

1) Proteans 


2) Metaproteins 

3) Coagulated 
proteins 

b) Secondary deriv- 
atives 

1) Proteoses 


2) Peptones 


3) Peptides, di- 
peptides, tripep- 
tides and poly- 
peptides 


Insoluble products lorrned in the earK 
stage of the action upon proteins of 
water, dilute acids, and en/vmes 
Formed in a later stage ot the action ot 
acid or alkali 

Formed by the action of heat or ot al 
cohol upon solutions ot proteins 


Formed bv the action of pepsin or 
trypsin upon proteins They are sol- 
uble in water from w'hich the\ are 
precipitated bv saturation with am- 
monium sulfate They are incoagulable 
by heat 

These represent a further stage in ac- 
tion of proteolytic en/vmes ITiev are 
soluble in water but are not preiipi 
tated from an aqueous solution by 
ammonium sulfate The\ are not co- 
agulated bv heat 

Products formed in the final stages of 
proteolytic digestion 


Acid mcMaprotem, a/Aa/' mcdapn^tejn 


Alburnose Ironi alhunu'n giobiilose from 
globulin tcisensr from casein 


(rlycvl-alamne, leucvl glutamic acnd, 
etc 


that they are made up of ammo acids (Table 
1 8) What IS specific about proteins is the ratio 
of the component ammo acids and the order 
(primary sequence) in which they are polymer- 
ized Therefore, a consideration of the ammo 
acids is the logical starting point for a survey of 
the physiology of proteins 

Physicochemical Properties of 
Amino Acids 

Ammo acids are the monomeric building 
blocks which, as noted above, are joined to- 
gether in a specific sequence to form proteins 
The type and configuration of amino acids 
within the plant and animal kingdoms are not 
m all cases identical For instance, withm the 
plant kingdom, ammo acids can be found that 
occur m the D as well as the L configuration (as 
m bacterial cell walls) or have various modifica- 
tions in the side chain (e g , hydrogen replaced 
by a halogen, etc ) There are 24 naturally 
occurring ammo acids found m protein hydro- 
lysates from animal tissues (Table 1 7) Other 


ammo acids are not poivrnenzed mto proteins 
but found as monomers in tissue, eg, y 
ammo butyric acid {(irABA) The general struC” 
tore for an ammo acid is as shown in Figure 
1 1(X) The penultimate carbon atom, desig- 
nated iXy IS covalently bonded to an amine 
or imme function, a carboxylic acid function 
and an R group which differentiates one amino 
acid from another 

Thus, fondamentaily, it is the sequence of R 
groups of a chain of ammo acids which ac- 
counts for the characteristic structural and 
hinctional properties of proteins 

The R group is simply H in the case of gly- 
cine but it may be an aliphatic, aromatic or 
heterocyclic group m other ammo acids Withm 
these larger categories the R group is further 
delineated by a variety of specific substituents 
(Table 1 8) 

ACID-BASE PROPERTIES OF AMINO ACIDS 

In aqueous solution ammo acids and proteins 
behave as weak acids or weak bases depending 
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Table 1 8 

Classification of the ammo acids" 


I Aliphatic Amino Acids 

A Monoamino-monocarhoxylic acids 

1) Glycine (or gly cocoll) C2H5NO2, or ammo-acetic 
acid 


CH — NH2 


COOH 

2) Alanine, C3H7NO2 , or a-amino- propionic acid 

CH3 CH— NH2 

I 

COOH 

3 ) Serine, C3H7NO3, or a-amino-jS-hydroxy pro- 

pionic acid 


Sulfur -containing monoammo-monocarboxylic 
acids 

9 ) Cystine, C6Hi2N2S204, (or dicysteme) or di-(/ 3 - 

thio-a-amino-propionic) acid 

CH2— S— S— CH^ 

I I 

CH— NH^ CH— NH2 

I I 

COOH COOH 

10 ) Methionine, C5H11SNO2, or a-amino-7-methyl- 

thiol-n-butyric acid 

CH3 S CH2 CK, CH— NH, 

COOH 


CH^ CH— NHj 

i I 

OH COOH 

4 ) Threonine, C4H9NO3, or o!-amino-/S-hydroxy-n- 

butyric acid 

CH3CH CH— NH2 

I I 

OH COOH 

5 ) Valine, C5HHNO2 , or a-ammo-isovaleric acid 

CH3 

^CH CH— NH3 

/ I 

CH3 COOH 

6) Norleucme, C6H13NO2 , or a-ammo-n-caproic acid 

CH3 CH2 CH2 CHa CH— NH2 

I 

COOH 

7 ) Leucine, CsHjsNoa , or a-ammo-isocaproicacid 

CH3 


CH3 


\ 

C 

/ 


CH CH2 CH— NH2 


COOH 


8) Isoleucme, C6H13NO2, or a-ammo-jd-ethyl-^- 
methyl-propionic acid 


CH3 


\ 


CH CH— NHj 


B Monoamino-dicarboxylic acids 

11 ) Aspartic acid, C4H7NO4, or oi-ammo-succmic 

acid 

COOH CH2 CH— NH3 

I 

COOH 

12) Glutamic acid, C5H9NO4, or a-amino-glutanc 

acid 


I 

COOH 

13 ) Hydroxyglutamic acid, C5H9NO5, or a-ammo-jS 

hydroxy-glutaric acid 

COOH CH2CHOH CH— NH2 

I 

COOH 

C Diamino -monocar boxy he acids 

14 ) Argimne, C6H14N4O2, or a-ammo-S-guamdine-Ti 

valeric acid 

NH2 

I 

HN=C— NH CH^ CHj CH, CH— NH, 

I 

COOH 

15 ) Lysme, C9H14N2O2, or a- e-diamino-caproic acid 

NH2 

I 

CH2 CH2 CH2 CH2 CH— NH2 


CH3 CH; 


COOH 


COOH 



I — 


o 


’ r o 
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II Aromaiic Amino Acids 

16) PhenvldUnine C’oHi.NO, or « aminn fJ-phoinl 

propionic acid 

H H 

/ 

HC C~-Clh CH NH. 

\ // I 

C- C COOH 

H H 

17) Tyrosine, CgH ^NO , , or o aiiuno-/i-paiah\dro\\ 

phen\l propionic acid 

C C 

Ho-c^ ^c- CH, rn- -mi. 

COOH 

H H 

in Hi- I b HOC \ Cl i( Am ino Ac ids 

18) Tryptophane CnH , or «-amino-/^’Oidole 

propionic acid 

H 

EC <: -CIU -CHI NIH 

Ha a hi COOH 
\ / \ / 

C N 

H H 

Indole nucleus 


PP Histidine ( or a anum) a'nnuia/oi 

propionu nid 

(HP - (’ CIL (Hi H\ 

J;„ s ! 

(Hi tHH»H 

lniulii/ol( nn*^ 

id) Prohiie (' H„\(i or pvrroluiine a i arimwlK 
ai id 

(Hi- (HP 
(HI (HI ('OOH 
Ml 

lA Hole mu lens 

il) Hvdrowproluu* (owpiolitie) or ^ 

h\dro\s psirohdiue o CiUhowlu aud 

HO (HI Clh 

(HP (HI (H)OH 
NH 


^ Hvdroxylyune, thyroxine^ d-h-dtiodoOrcusmc’ or lodogorgou acid, < itnillinc {ix-amnu^ tS varhamido n i ahru 
acid) and ornithine{a,h-diamino-ualeru and), and several others would have to he added to coni{jiett‘ the 
list of naturally occurrinji ammo acids 


H 

i 

H^N Cn COOH 

1 

R 

Fig 1 100 General structure of an ammo acid 

on the number and nature of acidic and basic 
R group substituents Thus, proteins and ammo 
acids serve as physiological buffers m the extra- 
cellular and intracellular fluids Weak electro- 
lytes (acids and bases) do not ionize readily 
Consequently, addition of a proton (H'*') or 
hydroxyl ion (0H~) to such a system removes 
the ion from solution so that the pH tends to 
remain constant, as shown in Figures 1 101 and 
1 102 

Ammo acids and proteins, thus behave as 
Bronsted acids and bases (proton donors and 


proton acceptors, respedivelv) As such, infor- 
mation concerning their pH behavior lan be 
obtained bv titration pH is defined as log 
[H‘ 1 where [H* 1 represents th«‘ molai concen- 
tration of hydrogen ions The acid disscK'uition 
constant, Ka, for the reaction, HA H’ t A , 

IS 

[HM lA l/dlAlat equilihrmm 

Therefore 

IH1 •” (IHAl/IA 1) Ka 

Taking the negative logarithm of both sides of 
this equation yields 

-loglH**] * -log{[HAl/[A 11 t ( log Ka) or 
pH - pKa + log [A 1/[HA1 

This IS the Henderson- Hasseifoach equation 
which relates the pH of a system to the degree 
of ionization of the species under consideration 
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R O 
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i OH 


Fig 1 101 Titration of an ammo acid 
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OH 


Fig 1102 Titration of a protein 


At 50*^0 ionization the ratio [A”]/[HA] being 1 
and log 1 being 0 , 

pH = pKa 

Operationally the pKa of the lonizable groups 
of an amino acid or protein can be determined 
as the points of inflection observed by plotting 
the results of a titration of the ammo acid or 
protein in terms of pH vs the amount of added 
base or acid Figure 1 103 illustrates the titra- 
tion of the aromatic ammo acid tyrosine 
starting with its fully protonated form (acidic 
solution) Since there are three groups involved 
in proton donation (NH 3 +, phenolic hydroxyl, 
carboxyl) there will be three stages m the titra- 
tion, each requiring 1 Eq of base (NaOH) to 
reach the end point Each stage has a pKa 
which IS characteristic of the group being ti- 
trated Since it requires a total of 3 Eq of 
NaOH to neutralize the three groups, tyrosine 
is an example of a polybasic acid All ammo 
acids exhibit this amphoteric behavior Figure 
1 104 illustrates the dissociation stages of gly- 
cine, a neutral ammo acid, glutamic acid, an 
acidic ammo acid, and lysine, a basic ammo 
acid Examination of the various stages of dis- 
sociation of these and other ammo acids reveals 
an H^ ion concentration, characteristic for each 
ammo acid, at which it has a net charge of 
zero, 1 e , the sum of its positive charges equals 
the sum of its negative charges This H+ ion 


OH OH OH 0 ® 

1 1 Eq NaOH I I Eq NaOH | I Eq NaOH 1 

I Stage 1 | Stage 2 | Stage 3 j 

CHp CHp CHp CH« 

I I I I 

HC-NH3 HC-NH3 HC-NHe HC-NH2 

I ® I ® 1 1 ^ 

COOH coo® COO® COO® 


pK, =2 2 pK2=9l pK 3 = IOI 



Fig 1 103 Titration curve for an aromatic ammo 
acid tyrosine showing three stages of titration 


concentration is the isoelectric point of the 
ammo acid, the corresponding pH is desig- 
nated by the symbol pi At its isoelectric point 
an ammo acid behaves as an ampholyte (zwit- 
terion), in other words, at its pi, an amino acid 
IS electrically neutral and it can behave as an 
acid or a base For acidic ammo acids pi < 7, 
for basic ammo acids pi > 7 Most ammo acids 
are zwittenons m the physiological pH range 
Zwittenons are dipoles Schematically they 
may be represented as shown in Figure 1 105 
There are several consequences of this di- 
polar structure which affect the physical proper- 
ties of ammo acids in solution and m the crys- 
talline form and, indeed, the physical proper- 
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Fig 1 104 Dissociation stages of glycine {a neutral ammo acid) qlutanmc and (an a< idu ammo and) and tysine (d 
basic ammo acid) 
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Fig 1105 Structure of a zwitterion 


ties of an ammo acid confirm that it exists in 
the form of a zwitterion rather than m the form 
of a neutral or an uncharged molecule 
A dipole consists of charges (Qi, Q 2 } , opposite 
m signs but equal in magnitude, separated by a 
fixed distance (r) When a dipole is placed in a 
uniform, external electric field, it will spin 
about the center of the fixed distance m order 
that net force on it will be zero (Fig 1 106) 
The product of the charge, q, and the distance, 
r, IS the dipole moment, and amino acids are 
found to have appreciable dipole moments as 
would be expected for zwittenons Inspection of 
the final state diagram indicates that since the 
charges are equal and opposite, the resultant 
force IS zero. Consequently, the dipole experi- 
ences no net force and is stationary m an elec- 
tric field, 1 e , it does not migrate to the 
cathode or anode Accordingly, at its pi, an 
ammo acid does not migrate m an electric 
field 


External Electric Field 
Initial state 



Final state 
E 
iFl 
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r 
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© 
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Fig 1 106 Diagram illustrating rotation of a dipole 
in presence of uniform external electric field 


When two or more dipoles come together 
they orient themselves in a specific way such 
that they interact electrostatically as sketched 
m Figure 1 107 Thus, ammo acid crystals melt 
with decomposition because additional energy 
must be supplied to break the mtermolecuiar 
electrostatic bonds This extra energy is in ex- 
cess of that required to reach the melting point 
and the crystal undergoes decomposition in- 
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stead of a simple transformation to the liquid 
state Ammo acids are more soluble in polar 
solvents (e g , water) than in nonpolar organic 
solvents, and they raise the dielectric constant 
of any solution in which they are dissolved 
Spectrographic analysis also indicates that 
amino acids exist as dipoles When ammo acids 
are joined to form proteins, the dipoles arrange 
themselves so that they cancel themselves out 
and leave the overall protein structure as a net 
dipole 



PEPTIDE BONDS 

In the synthesis of the protein molecule 
chains of ammo acids are formed by the 
linkage of the carboxyl group of one ammo acid 
to the a ammo group of another ammo acid 
with the concomitant liberation of a molecule 
of water {peptide bond formation) This joining 
of two ammo acids through a secondary amide 
linkage (peptide bond), viz , — C — N — , leads 

II I 

0 H 

to the formation of a dipeptide (Fig 1 108) 
The similar addition of another ammo acid will 
yield a tripeptide In this manner polypeptides 
are built up In representing peptides and pro- 
teins the N-termmus (ammo-terminus) is 
written on the left and the C-termmus (car- 
boxyl-terminus) on the right 

There is a large body of evidence which indi- 
cates that m peptides and proteins, the ammo 
acids are indeed linked via peptide bonds For 
example, the structure of myoglobin, an iron 

© © 

© © 

Fig 1 107 Electrostatic interaction of two dipoles 
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containing protein in muscle, has been deter- 
mined by Ken drew (1962) and his associates, 
using x-ray analysis at a resolution of 1 5 A 
which allows individual atoms to be distin- 
guished The electron density analysis clearly 
showed that the mterammo acid linkages were 
peptide bonds 

In the chemical synthesis of peptide and pro- 
tein hormones such as oxytocin, vasopressin, 
insulin, etc the individual ammo acids are 
linked together by classicial methods for the 
formation of peptide bonds and the final prod- 
ucts exhibit the same physicochemical proper- 
ties and biological activities as their naturally 
occurring counterparts The peptide bond gives 
a characteristic infrared and far-ultraviolet ab- 
sorption spectrum, natural and synthetic pep- 
tides and proteins give analogous spectra 

The fact that proteins give an intensely posi- 
tive biuret reaction provides a useful if less di- 
rect evidence for the peptide bond hypothesis 
Biuret, a compound with the following struc- 
ture, 

H 

NH2CONCONH2 

reacts with an alkaline solution of copper sulfate 
to form a purple colored complex, the intensity 
of which is related to the amount of biuret pres- 
ent 

When an intact soluble protein is titrated 
over a broad pH range, it is found that rela- 
tively few ammo and carboxyl groups are titrat- 
able These titratable groups are the terminal 
free amino and carboxyl functions of the pro- 
tein and the acidic and basic groups of the side 
chains (R groups) of ammo acids such as argi- 
nine, lysine, asparagine, glutamine, serine, ty- 
rosine, histidine, etc If the protein is hydro- 
lyzed, the number of titratable ammo and car- 
boxylic groups increase mall ratio and at 
equal rates 

The characteristics of the peptide bond have 
been analyzed by x-ray diffraction There are 

R| O ^2 0 
I // I II 

H-N-C-C-N-C-C-OH 

II II 

H H H H 

+H2O 


Fig 1 108 Formation of peptide bond linking two ammo acids to yield a dipeptide 
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SIX atoms involved in this bond and ^(merallv it 
IS coplanar (Fig 1 109) From the length of the 
C-N bond, it was determined that it is of 5()S 
double bond character Thus, rotatnin about 
this bond is restricted and conseciuenth the a 
carbons are trans to each other 

Peptide linkages form the bac khoncN of pro- 
teins Therefore, a generaiued protein ma\ he 
represented as in Figure I 110 

It will be seen that projecting off the back- 
bone of this prototype protein are the \arious 
ammo acid residues The pnmarv structure of a 
protein is defined as the linear secjuence of the 
peptide-bonded ammo acids The projCH'ting 
side chains (R groups) of the constituent ammo 
acids are important m determining the supei- 
structure of proteins 

From the pnmarv structure anahsis of hemo- 
globin, myoglobin, carboxvpeptidase A, lyso- 
zyme, nbonuclease (RNase) and others, it vs 
clear that most amino acids occurring in pro- 
teins (from animal sources) are of the L-c’on- 
figuration and that the ordering of ammo atids 
m the protein is random although genetically 
determined Given one ammo acid out of the 
20, there is an equal probability for any one of 
the other 20 amino acids to occur next to it, i e , 
any dipeptide sequence is as likely as any 
other 

Considering a generalized protein (such as in 
Fig 1 100, where the nature of the R groups 
are left unspecified) there is sufficient flexi- 
bility m the covalently bonded peptide back- 


(D 



H 

CD 


Fig 1 109 Characteristics of a peptide bond as re 
vealed by x-ray diffraction 


bone to iiiiow this poKnier tt) assume a large 
number ot conformations ITe conformation of 
the backbone is termed the setondar\ stnicture 
of the protein Before discussing the theoreti- 
calK predicted and expenmeiitalh confirmed 
scxondar\ structure of proteins it is important 
to understand the ‘‘weak’ or secondars interac- 
tions (bonds) which determine the* ((uiforma- 
tion assumed h\ d gi\en poHmer 

OTHER TYPES OF BONDS 

(^cwalent bonds generan\ ha\(‘ energies be- 
tween bO to I 10 kcal /mole (’onseciuentU they 
are stable at phvsioiogual temperature ( 17“ C), 
the\ ha\e relativeK short bond lengths, and the 
numhei of bonds which can he formed betw^‘en 
atoms IS clc‘termmed h\ the valence Further- 
more bond forniiition pioceeds under the aegis 
of en/vmes In contrast, secondarv Inoncova- 
lent) bonds ha\e energies between I to 7 
kcal /mole, therefore, a single secondary bond 
c^xists only for a very short period of time at '17‘^ 
C Finally, seeondarx bonds c\m he formed and 
disnipted without the intervention of en/Arnes 
This latter charade nstu is of no small conse- 
quence for cellular economy and is of central 
importance m the process of self-assemhK of 
rnacromolecmlar cximplexes from subunits 

Weak bonds are esscmtiallv mterac^tions in- 
volving the electron clouds around atoms or 
groups of atoms, these interactions fall into 
three classes the van der Waal’s bond, the 
hydrogen bond, and the lomc bond (A fourth 
class of weak interaction, the “hvdrophobic 
bond,” is discussed below, however the hydro- 
phobic interaction is not a tme bond in the 
chemical sense ) 

The van der Waal’s bond is the weakest It 
has an energy of approximately one kcxd /mole 
(random thermal motion m a solution at C 
IS about 0 6 kcal /mole) This bond results from 
the synchronization of the motion of the elec- 
trons around two approaching atoms or groups 
Each electron cloud induces a complimentary 
dipole m the other This is a very short range 
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Fig 1 110 Generalized structure of 


a protein showing peptide bonds, N-terminus and C-termmus 
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force The energy falls off as the sixth power of 
the distance between interacting centers (i e , 
E 00 [l/r®]) As the interacting centers get 
closer, the attractive force is opposed by the 
repulsive force generated by the proximity of 
the electron clouds around the atoms This can 
be seen in a plot of energy vs distance (Fig 
1 111 ) The distance is the van der Waal’s 
radius It has a characteristic value for each 
atom or group involved in an interaction This 
distance is a compromise between the proxi- 
miy necessary for the attractive force to be 
generated but not counteracted by the repul- 
sive force resulting from the overall negative 
charges of the electron clouds 

Inherent in the requirement for proximity is 
a steric requirement In order for the inter- 
acting groups to approach the critical distance 
needed for the induction of the attractive force, 
there must be a complimentarity of overall 
structure in the surfaces of the molecules to 
which the interacting groups or atoms are at- 
tached If this does not obtain, the bond will 
not form since the groups will be too far apart 
Lastly, since the forces are weak, the van der 
Waal’s interaction will be more effective when 
several atoms or groups participate 

A hydrogen bond is based on the attraction 
of unlike charges When a hydrogen atom is 
covalently bonded to a moderately strong elec- 
tronegative atom (or group), it assumes a par- 
tial positive charge because the molecular or- 
bital of the electrons is displaced in the direc- 
tion of the electronegative atom, thus de- 
creasing the neutralization of the positive 
charge at the site of the hydrogen nucleus This 
partial positive character allows the hydrogen 
to interact with any negative atom in another 
molecule to form a hydrogen bond (Fig 1 112) 
A-H IS the donor species, B-C the acceptor spe- 



Decreasing distance 
between interacting centers 


Fig 1111 Plot of energy as a function of distance 
or bonds of van der Waal s type 


-•g© 30 g© 

A - H B-C 

Fig 1 112 Diagram showing hydrogen bond 

cies The following are some examples of 
common hydrogen bonds 

I I I 

— N— H 0=C— , — C— OH N— 

I I I 1 

H 

Thus, any covalently bonded hydrogen with a 
partial positive character can interact with a 
covalently-bonded atom that has a net negative 
charge or unshared electrons The result of this 
interaction is the joining together of the two 
molecules via this hydrogen bridge This same 
interaction also occurs intramolecularly This 
results in two portions of a chainlike molecule 
being held m close proximity An example of 
the intermolecuhr hydrogen bond is that which 
holds two strands of DNA together An ex- 
ample of the intramolecular hydrogen bond is 
that which participates in the maintenance of 
the coiled superstructure of proteins (Fig 
1 113) 

The polar nature of water molecules leads to 
the formation of intermolecular hydrogen 
bonds and, accordingly, to a water structure 
often referred to as ‘‘iceberg structure ” These 
intermolecular H bonds make and break rap- 
idly, thus, the water structure is transient al- 
though its interaction with proteins is one of 
the factors that serve to determine the overall 
conformation of proteins 

Hydrogen bonds have energies between 3 to 
7 kcal /mole, thus, they are stronger than van 
der Waal’s bonds Nonetheless, at physiological 
temperatures, they do not persist singly for a 
long time However, when present in ordered 
groups of molecules such as proteins or DNA, 
they have a longer lifetime and exhibit the 
characteristics of cooperative interactions This 
IS a statistical phenomenon At physiological 
temperatures, weak bonds are in a state of flux, 
1 e , they are constantly being formed and dis- 
rupted. However in the native state there are at 
any time a sufficient number of intact bonds 
that serve to maintain secondary structure If 
the temperature is raised more bonds are 
broken per unit time than are formed Further- 
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Fsg 1 113 Hydrogen bonds in DNA ond in d protein 
molecule 

more, as the bonds break, it requires less en 
ergy to disrupt the remaining ones This causes 
an ‘Tnzippmg” ettect, which along with othei 
factors, results in a “melting” of the fxiKmer 
superstructure as shown in Figure 1 1 U Phgure 
1 114 IS a graphic representation of coopeia 
tivity In the temperature range T, to there 
IS a rapid transition due to man> bonds 
breaking per unit time for a small temperature 
increment Approaching from the left, it 
requires a larger temperature increment to start 
the process because imtiallv there are manv 
intact bonds Beyond Tg, most of the bonds are 
disrupted and further input of energv^ elicits a 
lesser response 

Ionic bonds (salt bridges) occur between co- 
valently bound atoms that are oppositely 
charged These bonds or bridges can be formed 
intramolecularly or mtermolecularlv, as shown 
in Figure 1 115, a and b respectively 

Of the three classes of weak interactions dis- 
cussed, the hydrogen bond is the one involved 
in the secondary structure of proteins 


CONFORMATION OF PROTEIN 
MOLECULES 

The most stable conformation of a polypep- 
tide backbone requires that the carbonyl oxy- 
gens and amide nitrogens be hydrogen bonded, 
the peptide bond be planar, the hydrogen 
bonded unit be linear, and the geometrical op- 
eration m going from one residue to the next be 
the same along the whole chain There are two 
structures which meet these requirements, the 
a-helix and the /^-pleated sheet (/^-structure) 

The backbone of a protein consists of a linear 
repetition of peptide groups In a regular linear 
polymer, the monomers are capable of forming 
sets of secondary bonds of varying strengths 
The energy differences between these sets of 
bonds will result in an unstable state for the 
overall polymer* However, if every monomer 
can be placed so that each is oriented identi- 
cally within the molecule, then each monomer 


will lorm seiondar\ bonds with ideutu'al en 
erg\ contents Heme, helual sMiiinetrv is a 
lesult (4 the unique inononua <irrangment 
whuh IS the most stable ot all of the possible 
arrangements 

The n-heliK (Fig 1 11(4 has the tollowing 
tharac tmistii parametms 

/) Hydrogen bonds are parallel to the cen- 
tral axis of the helix 
Hydiogen bonding otmrs luiween the 
tariionyl group ot the lust annno acid 
residue and the atnidt* group of the 
tourth residue hi*tween the larhornl ot 
the second n^sidue and the amide ot the 
tilth lesidiu' eti 

,4 The yertical distaiui* i orrtspondtng to 
one turn t)t tht‘ heh\ i t* th(^ pitch of 
the helix is o I A 

/) A complete spiral reciunc^s I h Hsidues 
5} Therefore the yertical titinslation per 
residue ecpials a t/d fi or I A 
The «-helix results from th(‘ torrmition ot the 
maximum number of inlramolpt ular hvdrogen 
bonds The d-^lnutuie (pleated slu‘et) also sat 
isfies the requirements for imiximuni con forma 
tional stabilitv (Fig I IlTl However, in this 
case the hydrogen bonds occur mtvrmulviukrlv 
between the carbonyl and tunide groiqis on ex 
tended {Kilvpeptides that he side hv sule ( ’on- 
sequent iv the hvdrogen bonds are (lerpendic- 
ular to the long axis of the backbone This gives 
rise to sheethke structures which mav involve 
parallel or antiparallel arravs of peptide 
strands 

The foregoing considerations were based on 
the studies of crystalline amides and |K‘ptides 
However, secondary structure can also be dem- 
onstrated m polypeptides m solution Hydrogen 
bonding causes alterations of the dissociation 
constants of the involved group**^, spectral 
changes and alteration m the rate at which 



Fig 1 114 Stability of hydrogen bonds as a function 

of temperature 
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deuterium (D) will exchange for hydrogen m 
the protein, because an H atom involved in a 
hydrogen bond will exchange with D more 
slowly or not at all Measurement of the above 
parameters serves to indicate the H-bonding 
and the degree of secondary structure of a pro- 
tein in solution 

The interactions of the ammo acid side 
chains (R groups) attached to the coiled or 
pleated peptide backbone — with each other 



Fig 1 115 Intramolecular (a) or intermolecular (b) 
ionic bonding 



and/or with the solvent environment — deter- 
mine the next level of geometric complexity 
and give the overall molecule its final three- 
dimensional character {tertiary structure) Thus, 
the tertiary structure defines the steric relation- 
ship of each atom to every other atom in the 
molecule 

There is a fourth class of weak interactions 
which IS of major importance in determining 
the final three -demensional conformation of the 
protein molecule, the hydrophobic '‘bond ” 
This is not a true bond in the chemical sense 
Rather, it represents the tendency of hydro- 
phobic (nonpolar) residues to associate to- 
gether, away from the aqueous (polar) environ- 
ment This gives rise to apolar clusters, i e , 
centers in the polymer where water is excluded 

This behavior can be understood by consid- 
ering the components of an aqueous protein 
solution Such a solution is composed of polar 


b. 



Fig 1 116 Drawings of the left-handed (a) and right-handed (b) ^-helical forms of a polypeptide chain containing 
L-amino acids The side chains /? and hydrogen atoms attached to the a-carbons in the mam chain have positions 
corresponding to the known configuration of L-amino acids (From Low and Edsall 1956 ) 
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Fig 1 117 Representation of the parallel (a) and antiparallel {b) pleated sheet structures for polypeptides fFrom 
Pauling and Corey 1951 ) 

solvent molecules (water), polar side chains (R tice structures thus tormed are transient, and 
groups) of ammo acids, and apolar ammo acid the individual water molecules are trcH* to 

R groups The polar R groups can interact and move within the lattice On the other hand, 

form H bonds with the iceberg lattice of water nonpolar groups do not interact or form H 

Each R gToup becomes surrounded by a cage of bonds with the water lattice but rather sers^e to 

water molecules but this ordering effect on the “lock” the water lattice structures and impede 
aqueous solutions decreases with the distance of the mobility of free water molecules This con- 
the water molecules from the R group The lat- stitutes a decrease m entropy which requires an 
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expenditure of free energy, a circumstance 
which IS in contrast to the general tendency of 
systems to minimize their energy content and 
maximize their entropy (AG = AH — TAS) 

The ammo acid side chains can be consid- 
ered as polar and nonpolar A polymer com- 
posed of a fixed ratio of polar to nonpolar side 
chains in aqueous solution can theoretically 
exhibit several conformations each of which has 
a different energy content, as illustrated in 
Figure 1 118 The conformation with the lowest 
overall energy is the most stable Consequently, 
A (Fig 1 118) will be the longest lived, and 
hence, the predominant conformation How- 
ever, let us introduce another polymer which 
contains the same total number but a slightly 
larger proportion of nonpolar side chains Now, 
if only the backbone is considered, the most 
stable conformation will be one in which its 
secondary bonds are maximized, i e , a helix 
However, if our consideration is extended to 
include the side chains, the most stable struc- 
ture will no longer be a helix but rather a new 
conformation resulting from a compromise 
between the tendency to form a helix being 
offset by the tendency of the side chains to 
twist the backbone so that nonpolar groups can 
associate The compromise conformation 
usually favors the maximization of secondary 
bonds for the side chains (approximately 50 
of the amino acid side chains are nonpolar) 
Since peptide sequence is random, nonpolar 
side chains can occur in widely separated loca- 
tions along the backbone However, when these 
side chains come into proximity, they form 
hydrophobic bonds These nonpolar groups 
usually place themselves in the interior of the 
protein molecule, leaving the polar side chains 
outside to interact with the solvent To bring 



Fig 1118 Variability of energy of conformation (ordi 
nate) of different conformations of a polymer in aqueous 
solution 


these groups out of their hydrophobic pocket, 
where water is excluded, and to force them into 
a polar solvent (water) requires a large increase 
in free energy expenditure because of the de- 
crease m entropy of the system 

Thus, conformation A' (Fig 1 118) is more 
stable than conformation A, more energy being 
required to disrupt the structure and force the 
nonpolar side chains into the aqueous environ- 
ment in which they cannot interact with each 
other or with the water This would produce a 
large decrease in entropy (hence, the necessity 
for a large energy expenditure) However, con- 
formation A contains fewer apolar residues, 
consequently the magnitude of the decrease in 
entropy associated with disruption of A would 
be less than that associated with disruption of 
A' 

Therefore, the tertiary structure of a protein 
IS the thermodynamically most stable arrange- 
ment It represents the compromise result of 
simultaneous maximization of polar, hydropho- 
bic, and hydrogen-bonding interactions 

The hydrogen bonding of the peptide back- 
bone involves interactions between one part of 
the protein molecule and another (intramole- 
cular interactions) and between the protein 
molecule and the solvent (intermolecular inter- 
actions) When because of the hydrophobic in- 
teraction of the side chains, the protein mole- 
cule is so twisted that the peptide linkages are 
forced into the interior of the molecule with 
little access to solvent, the intramolecular reac- 
tions will be maximized and the a helical con- 
formation is generated Conversely those re- 
gions of peptide backbone which are not mter- 
lorized, and therefore can form hydrogen bonds 
with the solvent will assume the conformation 
of a random coil 

The thermodynamically most stable state of a 
protein, its tertiary structure, is its native con- 
formation This IS the conformation that ex- 
hibits biological activity This concept has been 
verified in the case of the enzyme, ribonu- 
clease 

Loss of tertiary structure in a protein is 
brought about by any factor or combination of 
factors which disrupt its weak interactions (se- 
condary bonds) and is termed denaturation 
Denaturation can be accomplished by manipu- 
lations which change a highly ordered structure 
into a random one, such as heating, drastic pH 
changes, shaking, organic solvents, detergents 
and irradiation A denaturated protein lacks 
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biological activitv, denaturation tan be reveis- 
ible (ab is the case follow mg treatment with 
urea) or irreversible (as is the case follow ing 
heat treatment of proteins) The denaturation 
process can be followed in solutions of proteins 
by observing spectral changes (optical rotation 
ultraviolet absorption at 280 mpO and changes 
m soiubilitv (precipitation) 

When the enzyme nbonuclease is denatured 
by reductive clea\age of its disulfide' bridges 
and by treatment with urea, it loses its biolog- 
ical activity Howevei, if the urea is lernoved 
from the denatured preparation and then its 
cysteine moieties are reoxidi/ed to reform di- 
sulfide bridges, biological activitv is restored 
Furthermore, analysis of the resulting structure 
indicates that the disulfide bridges assume 
their original positions Thus, prior to reforma- 
tion of the disulfide bridges, the random (dena> 
tured) structure must convert to the native con- 
formation upon removal of the urea The basis 
for this conclusion rests upon the fact that there 
are four disulfide bridges (eight half-cvstine re- 
sidues) in the native conformation at specific 
loci in the molecule If the native state were not 
obtained prior to reoxidation of the eight cys- 
teine residues the disulfide bridges would be 
reformed at random In this experiment there 
was no agent present in the vsolution to direct 
the conversion of the denatured enzyme to its 
native conformation The basis for this renatur- 
ation would appear to be solely the character- 
istic property of proteins to assume the thermo- 
dynamically most stable state Thus, the infor- 
mation present m the primary structure of nbo- 
nuclease will dictate the most stable conforma- 
tion of the molecule, i e , the sequence of the 
ammo acids m the molecule will determine the 
type, number, and location of the secondary 
bonds This is an extremely important consid- 
eration inasmuch as it explains how primary 
ammo sequence in conjunction with a very lim- 
ited number of secondary interactions — ^viz , 
hydrophobic bonding, hydrogen bonding, ionic 
bonding — serves to establish the many protein 
conformations associated with living systems 
All protei ns existing in the same environment, 

^Disulfide bridges are low energy covalent sulfur- 
sulfur bonds formed between 2 cysteine residues, i e , 

oxidize . 

2 CYS-SH CYS-S-S-CYS 

reduce 

The disulfide bridge is an important component of the 
tertiary structure of many proteins, adding strength 
and support to the three-dimensional architecture 
(conformation) of the molecules 


with the siine ammo at ul sequent e must have 
the same tonfonnation fhaugina the ammo 
acid setpience establishes a different tonforma 
tion h\ establishing d difteient state of max- 
imal thennodvnamit stahilit\ This new confer 
mation mav lie asset lated with complete or 
partial loss of biological activitc or raielv, with 
the same or enhanced biological activitv The 
ramifications of tht‘se (‘onsidcTiitions will be 
further explored in the disc‘ussir)n of the genetic 
code and piotein synthesis 

In summarv, the peptide hackhone ot a pro- 
tein IS suffuientlv flexible to allow the molecule 
to assume d large nunibim of different confor 
mat ions (con formers) However secondarv in 
terac turns, partuularlv involving the ammo 
acid side cluuns restricts the ultimatelv real 
i/ed conformation to one that is unutue tor the 
primarv sequence of tlie protein «UKi its cmvi 
ronment ITese secondarv interactions mav 
lead to different ultimate c onfoinnitions for dif 
ferent protein molecules or for different regions 
within a single protein molecule, eg, helices, 
random coils or compact configunitions estab- 
lished by bending and folding ot the peptide 
backbone Such bending and folding, which 
characterize the globular protenns. bring into 
contact ammo acid residues that umv he widely 
separated in the primary structure 

In addition, nonpolar groups located m the 
interior of protein molecnikN give rise to hydro- 
phobic pockets which can be important deter- 
minants of the molecular complementarv that 
underlies specificity in hormone-rec*eptor, en- 
zyme-substrate and antigen -ant ibociv interac- 
tions and also can play a role in the electronic 
aspects of en/ymatic reactions, e g„ bv ampli- 
fying the effects of charged groups in their vi- 
cinity (by excluding the dielectric effect of 
water) 

QUATERNARY STRUCTURE 

Proteins (such as hemoglobin, the immuno- 
globulins, the allosteric enzymes, etcj, con- 
sisting of more than one chain per molecule are 
said to have a quaternary structure The forces 
involved m holding the multiple polypeptide 
chains (subunits) together m a single molecule 
are the same as those which establish the sec- 

^This phenomenon may be of importance in the 
combination of antigen and antibody molecules 
where antigen-mduced ^‘additional" folding of the 
antibody polypeptide chains may be required for the 
formation of the antigen-antibody complex 
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ondary and tertiary structure They operate 
under the same set of thermodynamic restric- 
tions Thus, each subunit of the functional pro- 
tein possesses its own conformation and is ca- 
pable of interacting with another subunit The 
subunits can be identical or different What is 
required for the secondary interactions to op- 
erate is a complimentarity of surface configura- 
tions so that reactive sites on subunits can ap- 
proach each other closely enough for the forma- 
tion of ionic bonds, hydrogen bonds, hydro- 
phobic interactions, and interchain S-S bonds 
The overall active conformation of the protein 
aggregate is specified by the conformations of 
the individual subunits Once the subunits exist 
in their thermodynamically most stable config- 
uration, they then associate spontaneously, 
giving rise to the active aggregate protein This 
process is referred to as self-assembly It is not 
mediated by enzymes and does not require an 
external energy supply It can account for the 
elaboration of giant macromolecular complexes 
For example, lactic acid dehydrogenase and 
aspartyl transcarbamylase are such macromo- 
lecular enzyme complexes Virus coat proteins 
also follow this mode of assembly, i e , once the 
subunits are synthesized, they spontaneously 
aggregate around the genetic material 

From the viewpoint of cellular economy this 
is an important consideration It means that no 
enzymes are required to direct assembly Fur- 
thermore, if a subunit is defective it will not 
interact properly- and, accordingly, it will be 
excluded from the superstructure On the other 
hand, if a defect develops in a macromolecular 
superstructure which is synthesized as a single 
polypeptide chain, a complete breakdown and 
resynthesis would be necessary for repair of the 
defect This process can be viewed as a molec- 
ular assembly line The subunits are synthe- 
sized and then joined to yield the finished 
functional product 

Since the subunits are held together by weak 
interactions they can be dissociated reversibly 
by mild procedures such as changing pH or 
ionic strength In the dissociated state the pro- 
tein IS biologically inactive, aggregation leads 
to a recovery of biological activity 

The subunit construction of a giant enzyme 
complex facilitates the allosteric regulation of 
its function, e g , a given subunit may form a 
complex with a small molecule, the allosteric 
effector or repressor, thereby inducing a confor- 
mational change in the entire aggregate which 


leads to activation or inhibition, respectively, of 
enzymatic activity 


SOURCES OF AMINO ACIDS 
IN THE METABOLIC POOL 

Protein ingestion provides an exogenous 
source of amino acids Before discussing the 
metabolism of amino acids it is important to 
enumerate some of their nutritional parame- 
ters Protein nutrition must be considered from 
the standpoint of the amino acids which consti- 
tute the ingested protein There is a qualitative 
as well as quantitative requirement In a clas- 
sical study Osborn and Mendel kept groups of 
rats on various diets of purified proteins and 
measured the ability of these proteins to sup- 
port growth (Mendel, 1923) Rats maintained 
on gliadin or zein (wheat and corn protein, re- 
spectively) exhibited poor growth, whereas, rats 
maintained on ovovitellin (from egg yolk) or 
lactalbumin (from milk) exhibited excellent 
growth The latter groups of animals grew well 
because the ingested protein contained all es- 
sential ammo acids, viz , ammo acids which are 
required for vital anabolic reactions, but which 
cannot be synthesized endogenously from 
readily available precursors at a rate sufficient 
to meet the metabolic needs of the animals 
Essential ammo acids (Table 1 9) must be in- 
cluded in the diet or they will be comman- 
deered from the animals’ own tissue protein 
Thus, an inadequate intake of essential ammo 
acids results m deficient protein synthesis, net 
tissue catabolism and ultimately death of the 
animal — regardless of the absolute quantity of 
protein ingested Diets containing proteins 
which are deficient m one or more essential 
ammo acids can be supplemented with either 
the deficient ammo acids or, more feasibly, 
with other proteins that do not lack these 
ammo acids This is the reason that the diet 
should contain a wide range of foods and that 
those people who choose to or are forced to re- 
strict their diets to food of a single type (such 
as rice or corn) are likely to develop protein 
deficiency syndromes 

Another determinant of the qualitative and 
quantitative protein requirements is the physio- 
logical state of the organism These require- 
ments vary with age, sex, disease, nutritional 
state, etc Thus, histidine is an essential ammo 
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Table 1 9 

Ammo acids essential 


Amino At id 


for normal human nutrition 

R (Jioup 
(Side (■'ham) 


Valine (Val) 

Leucine (Leu) 

Isoleu cine (He) 

Threonine (Thr) 

Lvsine (Lvs) 

Methionine (Met) 
Phenvlalanme (Phe) 

Tryptophane (Try) 


\hC 


cn 


H.C 


HaC 


('H (TL 


IhO 


CIL 

/" 

VlhClh 

ciucn 

CUz ciu cih ciu 

NIL 

CTL S OIL CHz 



“Histidine (His) is essential only for infants and 
young children Tyrosine (Tyr) can be synthesii^ed 
only from phenylalanine (Phe), therefore a defuiencv 
of Phe renders Tyr essential and, conversely, an am- 
ple supply of Tyr reduces the requirement for Phe 
because synthesis of Tyr is not necessary I'he rela- 
tionship between cystine (Lys) and methionine (Met) 
is similar, for cystine can be synthesized from methio 
nine which, as noted above, is essential 


acid for infants and small children but not for 
adults (the reason for this difference is un- 
known) Menstruation, lactation, and pregnancy 
are associated with an increased quantitative 
requirement for all ammo acids, essential and 
nonessential 

For amino acid utilization to be optimal, the 
diet must include a sufficient caloric intake to 
circumvent the need to catabolize ammo acids 
for energy, thus, allowing these compounds to 
be used in synthesis Fat and carbohydrate ful- 
fill this function and, therefore, are referred to 
as protein sparers Thus, it can be seen that 
particular ammo acids along with an adequate 
caloric intake are essential for normal protein 
metabolism Over and above this, the protein 
must be made available for utilization by the 


tissues I e theu‘ must he a<le(|uaf(‘ IndroUsis 
b\ the proteuKlu iui/\ines of the digest i\ e tract 
because absorption of intact piotein does not 
(K air under nuinial conditions In sonu* situa- 
tions small quantities of protein do access 
to the circulation a cutnnistame uhich can 
lead to sensiti/ation <uui in turn to the dcweiop 
ment of h\ perst'nsit iMt\ talhngN) to (hc‘ p«irtic- 
ular food Irom whuHi the smisiti/ing protein 
(len\es(eg stniwlieiruN) In othei sitmitions, 
blood proteins are lost hv tihuorinal kvikage 
through the intestinal epithelunn 

After ing<‘stecl protean is h\(in)lv/ed the 
ammo acids must them in* ahsorlitai cdticiently 
into the portal ciuuLition The* sepaMtt‘ func- 
tions of digestion ,ind absorption bcHoinc mani- 
fest m certain pathological states Foi c^ViUnpie 
in a condition chiiiac teri/ed bv dedu ienc\ of 
the pancreatic proem a nun ti\psi nogen, malnu 
tntion ensues because of failure* of dige*stion 
(maldigc'stive malnutrition) This eondition ean 
he remediated either h\ tr\psinogem replace- 
ment, which ceirrects the* digest icc* failure, or 
through supplementiition of the diet with pro- 
tein hydrolysates, thus bypassing the initial 
enzymatic dehc iene\ 

Hhe absorptive c*ells of the* small mtt*stine 
accumulate free ammo acids from the* gut 
lumen (ceuuentrative uptake) and then deliver 
them to the portal cireuiation ITese transport 
mechanisms are active and possess specific 
physical and cheinKal ehara(1(»nstics vvhieh are 
under genetic control In vivo as well as m vitro 
studies indicate that a single ammo <uid uti- 
lizes more than one mode of transport for ab- 
sorption 

The cooperation of sewera! transport systems 
is required for the absorption of an ammo 
acid mixture and it is through these stweral sys- 
tems that specificitv is obtained Each system 
can handle several amino acids; conseciuently 
the various individual ammo acids handled bv 
a given system will compete with (Mich other for 
transport from the gut lumen to the plasma 
Thus, the absorption of an ammo acad can be 
affected by back transport of a related ammo 
acid from the plasma to the gut lumein Further 
characteristics of transport systems will be dis- 
cussed subsequently when pathological condi- 
tions are considered 

The endogenous input of ammo acids mto 
the plasma derives from the breakdown of 
tissue proteins (effected by proteolytic enzymes 
called cathepsins) and from the synthesis of 
nonessential ammo acids primarily by liver 
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cells Free ammo acids from all sources enter 
the plasma, however the plasma concentration 
remains relatively constant This constancy of 
plasma ammo acid concentration is due to the 
regulation of and interrelationships between 
the complex transport and metabolic systems 
For example, ammo acids introduced into the 
portal circulation as a consequence of protein 
ingestion can increase the concentration of 
ammo acids m the portal vein by 10-fold This 
increase is not reflected in the systemic circula- 
tion because there is an active uptake of ammo 
acids by the tissues leading to an intracellular 
free amino acid concentration 10 times greater 
than the plasma concentration 

Ammo acid transport processes regulate ab- 
sorption, metabolic equilibrium, and renal con- 
servation The transport mechanisms, m turn, 
are regulated by hormones and nuclear cyto- 
plasmic interactions Since the intracellular 
concentration of amino acids is greater than the 
extracellular concentration, cellular metabolism 
has access to a greater pool of metabolites than 
IS available from the immediate extracellular 
source Metabolic changes m the internal pool 
can trigger compensatory changes by modi- 
fying the transport systems In this way, ammo 
acids are either taken up or discharged from 
the cell The interrelations among the various 
pools is summarized in Figure 1 119 
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INTERMEDIARY METABOLISM OF 
AMINO ACIDS 

Ammo acid metabolism is a diverse reper- 
toire of reactions which form a loom upon 
which the structure and enzymatic machinery 
that govern the chemical reactions of living sys- 
tems are woven into their characteristic pat- 
terns Diversity stems from the variety of the 
carbon skeletons of the various ammo acid side 
chains and the fact that ammo acids supply the 
major source of fixed nitrogen for the body To 
handle this class of metabolites requires a large 
number of enzymes and an elaborate system of 
controls The various carbon skeletons are me- 
tabolized by sets of their own specific enzymes 
Handling of the nitrogen moiety requires other 
enzymatic apparatus which determines whether 
the nitrogen is transferred to ammo acid pre- 
cursors, fixed in nonprotem nitrogenous com- 
pounds, fixed m proteins, or eliminated from 
the body 

All ammo acids contain C, H, O, and N, 
some contain S The catabolism of ammo acids 
results in CO 2 , HgO, nitrogenous end products 
(principally urea) and sulfates and, m addition, 
IS coupled to the generation of adenosine tri- 
phosphate (ATP) However, the primary impor- 
tance of the ammo acids is not as metabolic 
fuel, but in the synthesis of proteins and of 


Amino acid input Plasma (extracellular) Tissues (intracellular) 



Fig 1119 Interrelations among the several pools of amino acids within the body 
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other nitrogen containing compounds. (See Fig. 
1.120 and Table 1.10). 

The catabolism of amino acids can be consid- 
ered in terms of the fates of the carbon and ni- 
trogen moieties. The first stage of catabolism 
involves the removal of the amino group (deam- 
ination). The resulting carbon skeleton is then 
metabolized as an intermediate of either the 
Krebs cycle or of fatty acid oxidation cycles. 
Amino acids that yield intermediates of the 
former cycle are called glycogenic, those that 
yield intermediates of the latter cycle are re- 
ferred to as ketogenic (see Table 1.11). Gluco- 
genic amino acids provide carbon skeletons for 
the synthesis of glucose (gluconeogenesis) in the 
liver and kidney. This process is under hor- 
monal control (glucocorticoids) and helps en- 
ergy production keep pace with utilization. 

Another aspect of amino acid catabolism is 
the poorly understood phenomenon termed the 
specific dynamic action or calorigenic effect of 
food. This refers to an extra increment of heat 
production over and above the caloric content 
of the food ingested. Fats, carbohydrates, and 
proteins all evoke this action. However, pro- 
teins produce a larger increment, viz., up to 
30% more heat can be generated than can be 
accounted for by the quantity of protein in- 
gested. Fats and carbohydrates by comparison 
yield an increment of only a few per cent. 

Decarboxylation of amino acids yields the 
corresponding amines. Some of these com- 
pounds are important physiological entities 
with hormonal, neurotransmitter, and other 
functions (e.g., epinephrine, serotonin, etc.; see 
Table 1.8); others are toxins (e.g., the action of 
bacteria on incompletely digested amino acids 


yields toxic amines referred to as ptomaines). 
Decarboxylation reactions are mediated by spe- 
cific amino acid decarboxylases. These reac- 
tions require pyridoxal phosphate (codecarbox- 
ylase) as a cofactor. The general reaction is rep- 
resented in Figure 1.121. 

The nitrogen moiety of amino acids has es- 
sentially two fates in the body. It can be re- 
moved from the amino acid (deamination) and 
eliminated from the body, principally as urea. 
Alternatively, it may be transferred from an 
amino acid to an Q!-keto acid, thus forming a 
different amino acid and leaving behind a dif- 
ferent nj-keto acid. These reactions, which are 
referred to as transamination^ are carried out 
primarily in the liver. 

There are two systems which are involved in 
the oxidative deamination of amino acids. The 
flavin adenine dinucleotide-(FAD) dependent 
L-amino acid oxidase system has a low activity 
and is not widely distributed in the body. Also, 
it does not metabolize dicarboxylic, diamino or 

Table 1.10 

Some physiologically significant nitrogen-containing com- 
pounds and the amino acids from which these compounds 
are derived 


Amino Acid(s) 

Nitrogenous Compound 

Tyr 

Epinephrine, norepinephrine, 
thyroxin, melanin, dihy- 
droxyphenylalanine 

Glu 

Pyrroles, porphyrins, heme 

Gly, Glu, Asp 

Purines, pyrimidines 

Gly, Arg, Met 

Creatine, creatinine 

Cys 

Ethanolamine 

Try 

Taurine, nicotinic acid, 5- 
OH-tryptamine, serotonin 


Urea C02,H20,(ATP) 


Catabolism of 
nitrogen moiety 




Interconversion 


via Transaminations 

A 

Decarboxylation 
(CO 2 + Amine) 



Catabolism of 
carbon moiety 


Synthesis 


Proteolysis 


Synthesis of non-peptide 
nitrogeneous compounds 


Proteins 


Fig. 1.120. Metabolic pool of amino acids as a source of proteins and other nitrogen-containing compounds. 
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/5-hydroxy ammo acids and glycine The en- 
zymes of this system catalyze the general type 
of reaction shown in Figure 1 122 D-ammo 
acid oxidases are also present m liver and 
kidney, however, their physiological role is ob- 
scure 

The second, more important system for oxi- 
dative deamination has a wide distribution and 
high activity This is the L-glutamic acid dehy- 
drogenase system It is the major pathway for 
deamination and is central to amino acid inter- 
conversions This is an nicotinamide adenine 
dinucleotide-(NAD) dependent system and cat- 
alyzes the general reaction shown in Figure 
1 123 The reversibility of this system is its es- 

Table 1 1 1 


Glycogenic and ketogenic ammo acids 


Glycogenic 

Ketogenic 

Either Glycogenic 
or Ketogenic 

Alanine 

Leucine 

Isoleucine 

Arginine 


Lysine 

Aspartic acid 


Norleucine 

Cysteine 


Phenylalanine 

Glutamic acid 
Glycine 

Histidine 

Hydroxyproline 

Methionine 

Ornithine 

Proline 

Serine 

Threonine 

Tryptophan 

Valine 


Tyrosine 


0 


H 

A 

R— CH— C— OH 

ENZYME 

R— CH -h CO 2 

i 

Pyridoxal PO 4 

NH 2 


NH 2 


Fig 1 121 Decarboxylation of ammo acid to yield an 
amine 


sential feature as will become apparent in the 
discussion of transamination reactions (see be- 
low) 

The amino acid, glycine, is deaminated to 
glyoxylic acid and NHg by a special system 
involving glycine oxidase 

Special systems also exist for the deamina- 
tion of the hydroxy-ammo acids, serine, threo- 
nine, and homoserine These are nonoxidative 
deaminations The enzymes catalyze primary 
dehydrations which lead to spontaneous deami- 
nations, pyridoxal phosphate is required as a 
cofactor 

A second type of nonoxidative deamination 
involves the sulfur containing amino acids cys- 
teine and homocysteine The primary reaction 
IS loss of HaS (desulfhydration) resulting in an 
amino acid which spontaneously hydrolyzes to 
pyruvic acid and ammonia Again this system 
requires pyridoxyl phosphate as a cofactor 

All ammo acids with the exception of threo- 
nine and lysine, have been shown to undergo 
transamination reactions Since these are inter- 
molecular transfers of the nitrogen moiety, 
NHs IS not generated Transaminase systems 
require pyridoxal phosphate as a cofactor The 
general reaction can be summarized as follows 
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Glutamic acid is a common intermediate in the 
various transamination systems The forward 
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Fig 1 122 Reactions of the L-amino acid oxidase system 
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at -ketoglutaric acid + NH3 


Fig 1 123 Reactions of L glutannic acid dehydrogenase system for deamiruition of amino acids 


reaction removes ammo groups from other 
amino acids (Rx) tormin^^ glutamic acid (Rj 
via transamination Glutamic ac id (Hi) can then 
act as a NH^ donor to transarniniUe keto acid 
precursors to form other amino acids Thus, 
the reversible deamination ol glutamic acid to 
a ketoglutaric acid and NHj is a central leac- 
tion tor ammo acid synthesis as tcell as ca- 
tabolism In addition this reaction links caibo- 
hvdrate and protein metabolism through the 
Krebs cycle (o-ketoglutaiate) 

Glutamate, aspartate, or alanine seems to be 
common to every reaction This means that the 
NHg group from any other ammo acid can ap- 
pear m any of these three ammo acids NH^ 
entering glutamate can be removed via the glu- 
tamic dehvdrogenase system This provides a 
pathway for deamination of a wide range of 
ammo acids This “transdeamination” pathway 
results in formation of a-ketoglutarate and 
NH3 

The following reactions represent the above 
transamination systems 

alanine -f- a-ketoglutarate < > 

pyruvic acid 4- glutamic acid 

glutamic acid 4 - oxaloacetic acid < > 

Qf-ketoglutarate f- aspartic acid 

alanine + oxaloacetic acid < > 

pyruvic acid + aspartic acid 

In certain diseases (myocardial infarction, 
liver diseases), damaged cells release transami- 
nase systems into the blood stream Conse- 
quently, the levels of activity in the serum of 
glutamic-oxaloacetic transaminase (SCOT) and 
other transaminase systems are increased This 
increase is proportional to the extent of damage 
and, therefore, assays of the level of activity of 
SGOT and/or other transaminases are of clin- 
ical significance 

Free NH 3 results from deamination of ammo 
acids, pyrimidines and purines, from the deam- 


idation of glutarnme, aspaiagine (aad their a 
keto analogues) and to sonu‘ extent from the 
action of urease-c ontaming intestinal bacteria 
on urea (urcM- ~— ■— > (4) . 1 Free NHj 

in high concentrations is incompatible with life 
Ammonia must thc^refore b(‘ either bound m 
the organism or excreted It has tUread\ been 
shown that NH, mav be hound h\ the “anima- 
tion” of a-keto acids Amidation of gUitamate 
and aspaitate to form glutiiniine and aspara 
gine, respect ic ei\, are oth(*r reac t ions that bind 
free NH j for transport in the pLisnui ATP is re 
quired for the glutamine sMithetase reaction In 
the kidney, glutamine is eonvei ted bv glutami 
nase to glutamate and amnioma, thc^ latter dif 
fusing into the tubular unne where it cHimbines 
with H * to form NH 4 The lenai tubular cells 
also contain glutamate dcdivdrogenase and 
transaminase systems as wxdl as iiinino acid 
oxidases, therefore, the kidnes can also gen- 
erate NH 3 from other ammo acids 

Some ammonia is excreted as unc acid, how 
ever, the magir portion of is excreted by 
conversion to urea The enzvrnes of this detoxi- 
catum system are present in the liver and con- 
stitute the Krebs- Henscleit cvde (Fig 1 124) 

Ammo nitrogen can enter this cycle either 
through fixation with CO^ to form carbamvl 
phosphate ( 1 ), or glutamate can trans^mimate 
oxaloacetic acid to yield aspartate (ID Each 
revolution of this cycle converts 2 molecules of 
NH 3 and 1 molecule of (X )2 to urea 

Ammo acid metabolism is summarized in 
Figure 1 125 

Overall protein metabolism is reflected bv 
the nitrogen balance of the organism The ni- 
trogen content of the ingested food is measured 
and compared with the nitrogen excreted m the 
feces and urine over a given period of time 
Positive nitrogen balance m obtained when the 
total nitrogen intake is greater than the total ni- 
trogen output, as is the case when anabolic re- 
actions (principally protein synthesis) predomi- 
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glutamate + OAA 




to CO^and HgO 
2 Conversion to glucose 
(gluconeogenesis) or fat 


Fig 1 125 Summary of chemical reactions through which amino acids are metabolized 


nate over catabolic reactions, e g , during 
growth or during periods of tissue repair after 
trauma, surgery, or illness If catabolic reac~ 
tions exceed anabolic reactions, nitrogen excre- 
tion exceeds intake and the organism is in neg- 
ative nitrogen balance This occurs in wasting 
diseases and starvation, when tissues are being 
broken down to meet metabolic demands, and 
when the diet is deficient in essential ammo 
acids If input equals output, catabolism equals 
anabolism and the organism is in nitrogen bal- 


ance This IS the condition for the normal 
adult 

Aminoacidopathies and 
Proteinopathies 

To date, there are over 50 disorders of ammo 
acid metabolism which have been described It 
would not be appropriate here to detail these 
disorders with regard to specific biochemical 
lesion, metabolic consequence, clinical manifes- 
tation, and treatment Rather, a generalized 
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discussion of aminoacidopathies from the 
standpoint ot genetics and metabolism will be 
developed 

GENETIC BASIS OF MOLECULAR DISEASE 

Inborn errors of metabolism or the more re- 
cent appellation-molecular diseases — are ge- 
netically determined defects in protein struc- 
ture or function Thus in considering these 
diseases attention must be focused on the geno- 
type as well as on its expression, i e , the phen- 
otype On the molecular level, there is little dif- 
ficulty conceptualizing a correspondence be- 
tween DNA and polypeptides The cistron and 
its polypeptide are colinear and commensurate 
(3 bases per 1 amino acid) One cistron deter- 
mines one polypeptide 

The polypeptide can be a functional unit in 
itself such as the hormone adrenocorticotropic 
hormone (ACTH), or it may be a subunit which 
must combine with one or more other subunits 
to be active as in the case of hemoglobin How- 
ever, cistrons which code for the subunits which 
comprise a functional biological entity (eg, 
enzyme complex, hormone, antibody, etc ) 
need not be spatially contiguous Thus, the 
“gene” for such a functional biological entity 
can be composed of cistrons which are sepa- 
rated from each other along the length of the 
chromosome 

The normally functioning organism is a re- 
sult of the coordinated sequential expression of 
the information contained in its DNA Simul- 
taneous expression of all genes would lead to 
cellular “anarchy ” To circumvent this, there 
exists within the cell elaborate control mecha- 
nisms of nuclear-cytoplasmic interactions The 
resulting limitations on the number of gene 
products (polypeptides) found within any given 
cell results m specialization The organization 
of similar cells (i.e , cells with similar reper- 
toires of reactions) into functional clusters 
yields tissues For orderly reactions to occur 
between tissues information must be exchanged 
among them This can be realized either by 
direct entry of one tissue product into the cells 
comprising a target tissue (e g , steroid hormo- 
nes), or the tissue product may interact at the 
cell membranes of the target tissues resulting m 
the generation of a tram of intracellular events, 
as exemplified by the action of a number of 
peptide hormones. 

Interactions between systems are complex 
because all the systems are performing their 


own specialized functions simultaneously 
Thus, the history of a system constitutes one 
group of variables, among many, which deter- 
mines the character of its response to a given 
stimulus (signal) Signals, therefore, may be 
amplified or ignored depending on the state of 
the system In addition, signals may be syner- 
gistic or antagonistic m evoking a response As 
the number of component systems increase, the 
complexitv of the possible reactions increase 
This IS ultimately reflected in the number and 
range of which the organism is capable It is 
the elaboration of manv interacting control 
systems which integrate the activities of the 
organism to vield a response which is ap- 
propriate and giaded to the intensity of the 
stimulus Indeed, it is the sum of these mole- 
cular control systems which characterize the 
organism bioc hemic ally and physiologically 
In viewing the organism macroscopically the 
molecular basis for its behavior is not always 
obvious since the stimulus-response relation- 
ship has been altered through the interaction 
of these multiple control systems 
These control systems, in turn, are expres- 
sions of the genotype of the organism, which in 
its turn must be controlled Spatial and tem- 
poral regulation of the genotype is responsible 
for the character of the aforementioned systems 
and their behavior The expression of the full 
genotype m any one cell or tissue is never real- 
ized Only that portion of the DNA is expressed 
which results m products and activities that 
characterize particular cells or tissues 
It will be recalled that the visible expression 
of the information m DNA is the phenotype, 
and also that particular traits, such as blood 
group, eye color, etc , are controlled by genes 
which exist in pairs (alleles), located on the 
same loci of the homologous chromosomes The 
alleles may be identical (homozygous) or they 
may be different (heterozygous) Usually, if 
they are heterozygous, one allele is dominant in 
the phenotype, the other is recessive (i e , the 
recessive allele is present in the genotype but 
not usually expressed m the phenotype) A 
well-known example is the dominance of brown 
eyes over blue eyes, which dictates that a child 
receiving a gene for brown eyes from one 
parent and its “blue” allele from the other 
parent will have brown eyes Thus, the child is 
heterozygous for eye color The expression of 
the recessive phenotype requires that the child 
be homozygous, i e , that he receive the reces- 
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sive “blue” allele from each of his parents 
Wliere there are more than two alleles capable 
of occupying the two homologous chromosomal 
loci that determine a given trait, this phenom- 
enon IS called multiple allelism Thus, eye color 
has many expressions, e g , brown, black, blue, 
green, hazel, etc , and is an example of the 
“continuous” variation that can result from 
multiple allelism and/or from partial expres- 
sion of each of two different alleles This latter 
phenomenon has been termed incomplete domi- 
nance or penetrance 

The foregoing treatment of the mode of ex- 
pression of the phenotype of an organism is a 
simplification, but it provides a useful frame- 
work for the consideration of the transmission 
of traits through generations The “gene” is 
actually comprised of many cistrons which 
specify many enzymes which, in turn, govern 
the production of the ensemble of pigments 
that determine eye color These enzymes may 
be single polypeptides, subunit assemblies, or 
more probably mixtures of both — the full array 
of cistrons responsible for the trait constitutes 
the single inheritable entity which we recognize 
as the “eye color gene ” 

Another example of continuous phenotypic 
variation is height This trait, however, is the 
result of the interactions of many genes at dif- 
ferent loci plus environmental influences such 
as nutrition Thus, the potential for greater 
height, although included in the genot3^e, may 
not be phenotypically expressed if environ- 
mental conditions militate against it, eg, in- 
adequate dietary input 

When differences in phenotype are not con- 
tinuous but exhibit a quantal nature (i e , when 
there are two or more distinct forms of expres- 
sion with no intermediate forms) then the phe- 
nomenon is referred to as polymorphism and 
exemplified by the ABO blood groups This is 
a case of multiple allelism in which there are 
three alleles, A, B, or O Various allelic com- 
binations result in the four phenotypes — A, B, 
AB, or O — each of which is distinct from the 
other 

The expression of any particular gene de- 
pends in part on the nature of its neighboring 
genes, thus, position on the chromosome per se 
can alter the functioning of a particular gene 
Events such as crossing over in meiosis can in- 
fluence the immediate environment of a gene, 
and thereby alter or eliminate the gene’s phe- 
notypic expression, even though it remains m 
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the genotype and its structure is unaltered For 
example, a gene located on a segment of a 
chromosome in the euchromatin condition of 
coiling, (i e , “normally” coiled and therefore 
translatable into a polypeptide) can after syn- 
apsis end up in a region of tightly coiled, non- 
translatable heterochromatin, and thus have its 
expression in the phenotype suppressed Fur- 
thermore, the same gene may be expressed dif- 
ferently in different tissues, e g , the “transport 
system” for dibasic amino acids is found in the 
gut, kidney, and leukocytes but it functions dif- 
ferently and independently in each tissue — in 
the disease known as cystinuria the leukocyte 
system is normal, but the gut and kidney 
systems are abnormal 

In humans the sex chromosomes have dif- 
ferent morphologies — the X chromosome is 
larger than the Y chromosome XX is the fe- 
male genotype, XY is the male genotype Some 
loci on the X chromosome are not represented 
on the Y chromosome and vice versa However, 
since the sex chromosomes are homologous they 
have some loci in common Since the female 
has two X chromosomes and the male only one, 
it would be expected that an enzyme deter- 
mined by a gene located on the X chromosome 
would be present m twice the amount in the 
female as compared with the male But this is 
not the case For example, glucose-6-phosphate 
dehydrogenase is an enzyme determined by a 
gene located on the X chromosome It is con- 
veniently assayed in red blood cells where it 
has been found to exhibit the same level of ac- 
tivity in both males and females This finding 
may be explained by a suppression of the action 
of one of the alleles in the female through 
coiling and clumping of the chromatin This 
concept, termed dosage compensation, is sup- 
ported by cytological evidence in that diploid 
autosomal cells, neutrophils, exhibit a clump of 
chromatin known as the Barr body Since it is 
not found in the cells of the male, this is 
thought to be repressed sex chromatin 

It is possible for more than one genotype to 
give rise to a single phenotype (genetic hetero- 
geneity) Hemoglobins with structural differ- 
ences can be grouped into classes with common 
characteristics, e g , altered electrophoretic 
mobility, altered ultraviolet spectrum and 
thermal instability The hemoglobins which 
comprise any one of the above “phenotypic” 
classes may have different amino acids substi- 
tuted m different places on different chains 
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Thus, the same phenotype may result from 
changes at several different loci in the molecule 
or from multiple changes at a single locus, i e , 
a particular trait (e g , a given electrophoretic 
mobility) can result from an ammo substitution 
located at several different positions m the a 
chain of hemoglobin, and the same trait can 
result from the same or different substitutions 
at several positions in the chain, likewise the 
same trait can result from the substitution of 
different ammo acids at a single position in one 
of the chains The latter phenomenon is re- 
ferred to as homoallelic mutation, the former as 
heteroallelic mutation 

In a broader sense, the study of hemoglobinop- 
athies and other mutations provides excellent 
examples of how the confluence of genetics 
(both molecular and classical) and cellular proc- 
esses at the molecular level becomes apparent 
m higher organisms Five genes determine the 
hemoglobin chains (a, / 3 , 7, 5, and c) The 
primary sequence of all but the e chain has 
been determined, thus, the evolution of pro- 
teins can be discerned by noting homologous 
regions on the various chains This provides 
insights into meiotic processes which result in 
gene duplications, unequal crossing over, dele- 
tions, linkages, etc Moreover, since the ammo 
acid sequences of the products are known, the 
relationship between structural alteration 
(ammo acid replacement) and changes m func- 
tion are revealed 

The regulation of genetic processes can be 
studied by, for example, following the change 
from fetal hemoglobin (which possesses 2 a 
chains and 2 7 chains) to adult hemoglobin 
(which possesses 2 a chains and 2 chains), 
this conversion is a result of the suppression of 
the 7 gene and the activation of the gene In 
sickle cell anemia, an abnormal hemoglobin is 
produced which causes red blood cells to as- 
sume a sickled or crescent shape This sickling 
trait IS manifest at normal levels of blood ox- 
ygen tension in homozygotes, m whom it gives 
rise to a characteristic syndrome which proves 
fatal, m the heterozygote, this sickling trait is 
manifest only at low levels of blood oxygen ten- 
sion The abnormality m the hemoglobin mole- 
cule that is responsible for sickle cell disease 
involves a change in only one amino acid (glu- 
tamic acid to valine) within each of the two 
beta chams of the globin tetramer It is note- 
worthy that this single ammo acid substitution 
— which produces the aberrant hemoglobin — 
gives rise to a striking constellation of clinical 


signs, le, splenoniegah laimdue, swelling of 
)oints, cardiac enlargement bone deformities 
(kvphosis, tower shaped skull sihre shins), etc 
These clinical signs are ail a tonseciuence of the 
body’s attempt to compensate for the malfunc- 
tion of the er\throc\tes due to the abnormal 
hemoglobin 

A protemopathv such as sickle cell anemia is 
an example of a quaht<itivt' genetic effect By 
contrast, in the group of disorders known as the 
thalassemias, the genetic ef(c*ct is cjuantiative, 

1 e , it arises from the fact th*it gem‘ mutations 
mandate certain ammo acid substitutions 
which reduce the rate of protein (hemoglobin) 
synthesis 

This tvpe of clinical mokxuiar physiological 
analysis is, of course, not rest net eci to the he 
moglobins As we establish the pnm.irv^ struc- 
ture of other biologically important proteins, 
such as the immunoglobulins, their funcdions also 
become amenable to study by this approach 

ROLE OF MUTATIONS IN MOLECULAR 
DISEASE 

The foregoing is not hv any means a com 
plete summary of all the interactions by which 
genes determine phenotypes, in f«ut tine ques 
tion of genetic mutation has not yet lieen con- 
sidered explicitly A mutation which changes 
the primary structure of the DNA and henc'e its 
information content --can be a single base 
change (point mutation) or can involve the 
deletion or addition of many bases Since these 
changes occur m the DNA, they are trans- 
mitted from generation to generation How- 
ever, their expression is a function of all the 
foregoing considerations and the pattern of 
inheritance (i e , the pedigree) Thus, X-linked 
dominant alleles are expressed m males and 
females X-lmked recessive alleles are earned 
by both males and females but expressed only 
in males Autosomal (nonsex-lmked) dominant 
genes find expression in males and females 
whether homozygous or heterozygous for those 
alleles Finally, an autosomal recessive trait is 
expressed in both males (or females) only when 
it exists m the homozygous condition, however, 
heterozygotes are carriers of the trait Detailed 
examinations of heterozygotes have revealed 
certain biochemical abnormalities which do not 
interfere with normal body function Such find- 
ings provide the basis for genetic councilmg by 
making it possible to identify heterozygote ear- 
ners of disease traits which, in the homozygote, 
would be deleterious 
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The frequency of mutations forms a con- 
tinuum Rare mutations such as alcaptonuria 
occur with a frequency of approximately 10 
Alcaptonuria is generally incompatible with 
life The mutation leading to blood type O has 
a frequency of 10"^ The defects in the enzymes 
which synthesize blood group antigens A and B 
are quite obviously compatible with life The 
requirement of all humans for ascorbic acid is 
an example of a mutation with a frequency of 
100% Thus, mutations are not necessarily dele- 
terious 

Mutations need not always be expressed 
Silent” mutations arise from base changes in 
DNA which, when translated during protein 
biosynthesis, yield the same or a functionally 
related ammo acid (The degeneracy of the 
genetic code accommodates such events) Thus, 
a heritable change in DNA need not be ex- 
pressed in its polypeptide product Alterna- 
tively, a mutation may be expressed structur- 
ally in a protein but may be “silent” in a func- 
tional sense, i e , the mutant protein may pos- 
sess one or more amino acids which do not alter 
biological activity This type of structural 
polymorphism is exemplified by the transferrins 
(iron-binding plasma proteins) and hapto- 
globins (hemoglobin-bmding plasma proteins) 

A mutation can affect the rate of synthesis, 
and hence the intracellular concentration of 
proteins Quantitatively, this could lead to the 
absence or to the overproduction of an enzyme 
with deleterious metabolic consequences in ei- 
ther case Malfunction in this instance would 
not be a result of loss of activity due to change 
m the primary structure of the enzyme, but 
rather to a mutation in a control gene (such 
phenomena have not yet been demonstrated in 
humans) 

Most expressed mutations result in loss of 
activity for the corresponding polypeptide The 


ensuing metabolic consequences depend on the 
role that this pol3q3eptide fulfills in the cell as 
well as the interactions previously discussed 
The ramifications of an enzyme defect can be 
demonstrated by considering a generalized cell 
(Fig 1 126) 

Absence or abnormal function of the per- 
mease, Py; , precludes the entry of metabolite, 
W, into the cell Limitation of this metabolite 
slows down the reaction sequence shown in the 
interior of the cell Although dietary intake or 
tissue synthesis of W may be substantial, the 
defective transport protein (permease) makes 
for starvation in the midst of plenty 

The ammo acid transport systems of the var- 
ious tissues have the following common charac- 
teristics 

1) The L-isomers of the ammo acids are 
transported more efficiently than the d- 
isomers 

2) Ammo acid uptake occurs against an 
electrochemical gradient 

3) Sodium, along with membrane-bound 
Na'^-K'^ ATPases, is involved m the 
translocation mechanisms 

4) Concentrative uptake exhibits satura- 
tion kinetics, competitive and noncom- 
petitive inhibition 

5) The transport processes for the indi- 
vidual ammo acids are functions of 

a) the length and composition of the 
aliphatic side chains (R groups) 

b) the anionic and cationic properties 
of the R groups 

c) the position of the NHj groups, a 

or id 

The various ammo acids are translocated 
across cell membranes via group specific trans- 
port systems To date, systems for the following 
groups of ammo acids have been identified 
dicarboxylic ammo acids, dibasic amino 



Fig 1 126 Diagram to illustrate the locations at which a mutation may alter metabolic pathways (see text) W X Y 
Z substrates of a major metabolic pathway V U T substrates of a minor (alternate) pathway permease or 

transport system for metabolite W Ex Ey sequential enzymes in the major pathway Ew Ey Eu sequential 

enzymes m the minor pathway 
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acids, imino acids and ^Kcine, neutral ali- 
phatic and aromatK ammo acids, and the jS- 
ammo acids 

DEFECTS OF AMINO ACID TRANSPORT 
The complexities of the genetic regulation ot 
the ammo acid transport systems become ap- 
parent in certain molecular diseases Cystinuna 
IS a disease in which the molecular lesion occurs 
in the transport system for cystine and dibasic 
ammo acids (lysine, arginine, and ornithine), 
so that the renal tubular reabsorption is de- 
pressed Consequently these amino acids are 
found in abnormally high quantitv in the urine 
The most distressing manifestation of this syn- 
drome is the formation of cy^stme-containing 
renal calculi 

When this transport system is studied m sev- 
eral tissues obtained from cystinuric patients it 
IS found that there are differences in its func- 
tion in the gut, kidnev, and leukocytes The 
gut transport system loses its ability for cone en- 
trative uptake of its substrates (lysine, arginine, 
ornithine, and cystine) In the kidney, the situ- 
ation IS more complicated since there are other 
systems which transport one or more of these 
ammo acids In addition to the system which 
transports all four substrates, there is another 
system which transports only cystine, and a 
third system which transports only the dibasic 
ammo acids Renal clearance studies on cystm- 
uric patients indicate that the former system is 
the site of the lesion and that the latter two sys- 
tems are spared In leukocytes there is no 
single system for all four substrates, but the 
cystine transport system is separate from the 
dibasic ammo acid system. Moreover, both sys- 
tems function normally in cystinuric patients 
Thus, as noted earlier, the same gene may have 
different phenotypic expressions m different 
tissues 

The different phenotypic expressions of cys- 
tmuna are due to genetic variations, i e , there 
is multiple allelism with respect to the relevant 
group specific permease system The number of 
possible allelic combinations determine the 
number of possible genotypes The genotypes 
can be ordered into classes on the basis of their 
phenotypic expression The different (poly- 
morphic) forms of this syndrome can thus be 
explained on the basis of genetic heterogeneity 
Although these considerations apply to other 
molecular diseases, it should be emphasized 
that there are many possible combinations of 
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genetu interactions and .ihnornial [)henot\peb 
(expressed in \aiiati()ns ot protein structure 
and function) toi wliuh no piotoUpe Inis been 
presented m this chapter 

Cvstinuna is a ineinher tlie group of dis 
eases known as aminoai idui i*is Pathological 
aminoaciduria is charai ten/(*d h\ an increased 
renal ciearanc'e of <innno iUids whuh is re 
fleeted m the unnar\ nitn^gen content The 
pattern of amino ac id c‘\ir(‘tion m tins group of 
diseases reflects the c haiactenstu's of the in 
\olved transport ssstein and the* site of the 
rnoleculai lesion A mutation whu li leads to a 
change in a carrier nndtauh*, results in the ab 
normal unnarv excretion of a spetifu ammo 
acud (or group of rel<ited iiinmo acids) If the 
molecular lesion occurs m tlie emerge gener 
ating s\stein, or the associated ion exchange 
system, a general iimmmieiduna results When 
the energ\ -generating sv stern is i n\ oh t»d, other 
substances not normalK found m thi^ nrme will 
also be present II the delivers of an annno acid 
present in the glomerular tiUrati^ exctx‘ds the 
reabsorpt ive capacits of its tubular transfxirt 
aystem, it svili spill over into the mine Such a 
saturation aminoacidun.i occurs when there is 
an accumulation of the arnino acid in the 
plasma as a result of excessive* intake, overpro 
duction and/or defective metahohsm 

Combined (multiple) aininoacuduna results 
from shared transport s\ sterns An increased 
filtered load of one amino acid it»ads to compe 
tition for the reabsorpt is e earner with the other 
amino acids of the group sharing the* transport 
system Thus, the former ammo <U'id is ex 
creted because its earner is saturated imd the 
others arc also excreted because lhe\ cannot 
compete effect ivei\ for the saturated carrier. 

Molecular lesions mvtdving mtracelluiar en- 
zymes lead to precursor accumulation (Fig, 

1 126) For example, substance W is not ade- 
quately metabolized because of a k»sion in- 
volving enzyme, Accordingly the plasma 
concentration of W and, ultimalelv, the rate of 
urinary excretion of W may increase Alterna- 
tively, if the molecular lesion involv€\H enzyme, 

, both W and X will accumulate with meta- 
bolic and excretory consequences depending on 
the nature of W and X. The disease entity, 
homocystmuna, is an example of this latter 
type of disorder m which the enzymatic lesion 
leads to accumulation of methionine and homo- 
cystine 

Accumulation of a precursor, W, may lead to 
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enhanced utilization of an alternate pathway 
(see Fig. 1.126, pathway W V U T), 
Increasing concentrations of potentially toxic 
metabolites along such an alternate pathway — 
the major metabolic route being impaired — 
may interfere with the normal cell function. 
Phenylketonuria (PKU) is an example of this 
class of disorder. In PKU the absence of phen- 
ylalanine hydroxylase leads by an alternate 
metabolic pathway to the abnormally enhanced 
production of phenylpyruvic acid, phenylacetic 
acid, and phenyllactic acid — all of which 
achieve toxic concentrations. Another conse- 
quence of an enzymatic lesion along a major 
metabolic pathway (see Fig. 1.126, W -^X -^Y 
Z) may result in deficit of Z, a physiologi- 


cally active agent in the body. Goitrous cretin- 
ism, due to impairment of one or more en- 
zymes necessary for the synthesis of thyroxin, 
exemplifies this class of disorders. 

Finally, a molecular lesion may destroy feed- 
back control by modifying an allosteric enzyme, 
so that it is no longer responsive to its inhibi- 
tor, Z, thus leading to overproduction of Z. 

Space does not permit a more detailed con- 
sideration of the aminoacidopathies and pro- 
teinopathies. It should be emphasized, there- 
fore, that there is an enormous amount of 
data available for study in this rapidly expand- 
ing area of inquiry, and thus the few examples 
given above are meant only to serve as sign- 
posts to the interested reader. 



%/ PHYSIOLOGY OF PURINES AND 
PYRIMIDINES 


This chapter deals with the bios\nthesis ot 
purine and pyrimidine bases, their incoipora- 
tion into nucleic acids, breakdown ot these 
acids, and the further catabolism of the liber- 
ated base derivatives Attention will lie drawn 
to disorders of purines and pyrimidines in man, 
particularly those for which the etiology is un- 
derstood in terms ot en/vmatic deficiencies and 
errors in the metabolic pathways 
Many other important aspects of the physi- 
ology of purines, pyrimidines, and their deriva- 
tives not immediately relevant to this chapter, 
will only be mentioned briefly here These 
bases, covalently attached to various sugar- 
phosphates, represent '‘high energy’' com- 
pounds One group, the acyclic nucleotides 
yield upon hydrolysis of the phosphate ester 
bond a negative free energy of the order of 7 5 
kcal /mole This energy is available through 
coupled enzymatic reactions to drive ender- 
gonic biological processes, adenosine triphos- 
phate (ATP), for example, provides energy for 
such processes as muscle contraction, biosyn- 
thesis of proteins, nucleic acids, carbohydrates, 
and lipids Nucleotides are also important m 
group transfer reactions The base moiety of 
the nucleotide determines specificity, e g , un- 
dine nucleotides are necessary m glycogen bio- 
synthesis, cytidine nucleotides in phospholipid 
biosynthesis, adenosine nucleotides in protein 
biosynthesis, etc Another group, the cyclic nu- 
cleotides, exhibits in comparison to acyclic nu- 
cleotides an even greater free-energy of hydrol- 
ysis amounting to approximately 12 kcal /mole 
Adenosme-3', 5' -cyclic monophosphate partici- 
pates as intracellular mediator in the action of 
a number of hormones and biogenic amines via 
activation of cyclic adenosine monophosphate 
(AMP)-dependent protein kinases Cyclic AMP 
IS also a physiological regulator in the induction 
of enzyme synthesis m bacteria and m mam- 
mals Evidence is emerging to indicate that 
cyclic nucleotides other than cyclic AMP are 
involved in similar physiological processes In 


additiiyii, lURleotides iie({ucntK arc ((^npo 
neats of (oen/\mes, eg nuotiiiaiiiuit* tdenine 
dinucleotide (NAD) nuotuiannde adenine 
dinucleotide phosphate and iLwin 

adenine dimuieotide all of whuh are 

invoKed in redox icMttioiis uital\/ed h\ \ arums 
dehydrogenases FinalK a most important as 
peet of the ph\siolog\ (ff purirus and p\nmi 
dines IS their function \<.hile inr orpcjrated in 
niuleic acids in a highly ^pc^citic .uiangement, 
as the earner of the gemetu mfoi matron of all 
living organisms 

ChemicalK speaking adenine and guanine 
are derivatives of purine, fhe struct ure of which 
IS shown in Figure 1 i27d (\tosine, uraiil, 
and thvmine are denv<itives of the pvnmichne 
nucleus (Fig 1 127/i} I’he bases when bonded 
to the sugar moieticm nbose (Fig 1 127f’) nr 
deoxynhose (Fig 1 12W» via ghtosidit* linkage 
are referred to as mulcHisuies The nitrogen of 
the punne in position 9 or of the p\nmidine in 
position I IS attached to the carbon 1' in the 
sugar moietv Phosphorvlatmn of a nucleoside 
m the 5' position results in the tonnatum of a 
nucleotide (nucleoside monophospliateh the 
monomeric unit of nucleic' acid We speak of 
the polymer of nhonueleotidc*s as ribonucleic 
acid (RNA) and of deoxvnboniu lent ides as 
deoxyribonucleic acid (DNA), depending on 
the nature of the sugar residue; polvnierr/ation 
occurs via ester formation betw'een the .T-phc»>- 
phate of one nucleotide and the d'Tivdroxv 
group of another, etc While cvt<isine, adenine, 
and guanine are found in both RNA and DNA, 
uracil occurs essentially only in RNA and thy- 
mine m DNA 

Table 1 12 lists the official nomenclature and 
abbreviations for the most frequent bases and 
derivatives encountered Trace amounts of 
unusual bases occur in nucleic acids, particu- 
larly m transfer-RNA (t-RNA), these include 
hypoxanthme, and methylated bases such as b- 
methyl-cytosme, G-methylammo purine, 1- 
methylguanme, or 2-methylammo-6-hydroxy- 
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Adenine = 6-Ainino- Cytosine = 4-Amino-2-Hydroxy- 

Guanine = 2-Ainino-6-Hydroxy- Uracil = 2,4Dihydroxy 

Hypoxanthme = 6- Hydroxy- Thymine = 2,4 Dihydroxy-5-Methyl- 

Xanthine = 2,6-Dihydroxy- 



Ribose Deoxyribose 

c d 

Fig 1 127 Structure of purmes pyrimidines and the carbohydrate moieties present in nucleosides and 
nucleotides 


Table 1 12 

Nomenclature of common nucleotides" 


Base 

Nucleotides 

Nucleotides (as Salts) 

Abbreviations 

Adenine 

Adenosine 

Deoxyadenosme 

Adenosine-5'-phosphate or 5'-adenylate* 
Adenosine 3',5'-cyc phosphate or eye 
3', 5 '-adenylate 

Deoxyadenosine-5' -phosphate or 5'-deox- 
yadenylate 

5'-AMP^ ADO-5'-P, pA 
eye 3', 5' AMP, ADO 3',5'-P 

5'-dAMP^ deADO-5'-P, pdA 

Guanine 

Guanosme 

Deoxy guanosme 

Guanosine-5 '-phosphate or 5'-guanylate'' 
Deoxy guanosine-5 '-phosphate or 5'-deoxy- 
guanylate 

5'-GMP^ GUO-5'-P, pG 
5'-dGMP^ deGUO-5'-P, pdG 

Cytosine 

Cytidme 

Deoxycytidme 

Cytidme-5 '-phosphate or 5'-cytidylate* 
Deoxycytidine-5'-phosphate or 6'-deoxy- 
cytidylate* 

5'-CMP^ CYD-5'-P, pC 
5'-dCMP^ deCYD-5'-P, pdC 

Uracil 

Undine 

Undine-5'-phosphate or 5'-uridylate^ 

5'-UMP^ URD-5'-P, pU 

Thymine 

Thymidine 

Thymidine-5'-phosphate or 5'-thymi- 
dylate* 

5'-(d)TMP^ THD-5'-P, pT 

Hypoxanthme 

Inosine 

Inosine-5'-phosphate or S'-mosinate'' 

5'-IMP^ INO-5'-P, pi 

Xanthine 

Xanthosine 

Xanthosine-5'-phosphate or 5'-xanthylate^ 

5'-XMP^ XAO-5"-P, pX 


" Abbreviations are m accordance with the lUPAC-IUB Tentative Rules (</ Biol Chem 241 52, 1966) 
^ Omission of the 5'“designation is common in this series (eg, adenylate or AMP) 

" 5'-Thymidylate, the deoxy derivative, is usually abbreviated TMP 


purme Many of these unusual bases are more 
prevalent m viruses and bacteria than m higher 
organisms 

Biosynthesis 

The biosynthetic pathway of pyrimidines and 
purines has been worked out in great detail 
Generally, the approach was to administer to 


the experimental animal possible precursors, 
isotopically labeled, and then to determine the 
position of incorporation of label in the desired 
product 

BIOSYNTHESIS OF PYRIMIDINES 

The in vivo synthesis of uridine-5' -mono- 
phosphate, the key intermediate for pyrimidine 
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Sectfon 1 


nucleotides and deoxynucleotides, entails the 
formation of a substituted pyrimidine ring (or- 
otic acid) which is subsequently attached to a 
sugar monophosphate 

The various steps leading to the synthesis of 
uridme-5'-monophosphate are outlined m 
Figure 1 128 In the first step, carbamoyl phos- 
phate synthetase catalyzes the synthesis of car- 
bamoyl phosphate from glutamine, bicarbonate, 
and ATP This activated phosphate ester do- 


nates its carbamovl moH‘t\ tor atviation of the 
a-amino group of aspartu acid to Mold ureido- 
siKCinic acid — a step catah/eci h\ aspartate 
transcarbanniase lATfase) I reuiosuccinic 
acid undergoes ring closure and oxidation to 
orotic acid in two subsecjuent steps Orotidine 
o'-monophosphate pvrophosphonLisc^ catalyzes 
formation of the glNcosulu linkage between 
orotic acid and phosphonhosvl p\ rophosphate 
(PRPP) Irreversible decarhowlation catalv/ed 


Glutamine + [COd f 2ATP 
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by orotidme-5'-monophosphate decarboxylase, 
yields undine monophosphate (UMP) With 
the synthesis of UMP, which is readily phos- 
phorylated to the di- and triphosphate, a 
branching point m the biosynthetic pathway of 
the pyrimidine nucleotides has been reached 
On the one hand, part of the undine nucleotide 
pool is incorporated into RNA and on the 
other, part is converted via undine triphos- 
phate (UTP) to cytidme triphosphate (CTP) 
(Fig 1 129a), the last step in this conversion 
involves the replacement of the 4-hydroxy 
group by an ammo group, for which a purine 
nucleotide [guanosine triphosphate (GTP)] is 
required as cofactor 

In addition, the UMP pool serves as starting 
material for the biosynthesis of deoxyribonu- 
cleotides It should be noted that theoretically 
deoxyribonucleotides could result either from 
the addition of a pyrimidine moiety to deoxyn- 
bose, or conversely, from the reduction of the 
sugar residue of the pyrimidine nucleotide, 
experiments in which radioactive ribonucleo- 
tides are incorporated intact into DNA favor 
the latter possibility In contrast to ribonucleo- 
tides, the elucidation of the biosynthetic 
pathway of deoxyribonucleotides m mammals 
has met with considerable difficulties Though 
the research in this area is in a state of flux, it 
is already apparent that the reductase systems 
are subject to stringent regulatory control 
dCDP seems to be synthesized in bacterial and 
mammalian systems via the route UMP 
UDP UTP -> CTP CDP -> dCDP (see 
Fig 1 129a) 

Studies m Escherichia coli would suggest 
that the remaining pyrimidine deoxyribonu- 
cleotide [deoxythymidine monophosphate 
(dTMP)] IS synthesized via phosphorylation of 
UMP to UDP and reduction of the ribose 
moiety to deoxynbose This reduction requires 
several enzymes and cofactors, including two 
reductase enzymes, (Bi and B 2 ), a sulfhydryl 
protein (thioredoxin), its reductase, and 
NADPH Finally, dUDP is dephosphorylated 
to dUMP, which m turn is methylated in posi- 
tion 5 by N®,N^®-methylene-tetrahydrotolic 
acid in the presence of thymidylate synthetase 
to yield dTMP (Fig 1 129b) An apparently 
analogous pathway for the synthesis of dTMP 
IS found in Novikoff hepatoma cells, in this 
mammalian system the conversion of UDP to 
dUDP likewise requires a reductase enzyme, 


two enzymes (S and SJ which can be replaced 
by thioredoxin and its reductase, and NADPH, 
among other enzymes (Beck, 1969) 

Having outlined the biosynthetic pathway for 
pyrimidine nucleotides we now consider its 
regulatory control Generally speaking, there 
are two types of feedback control inhibition 
and repression In the first case, a metabolic 
intermediate, usually an end product, inhibits 
one or more of the enzymes involved in its own 
synthesis, most frequently at an early step This 
IS a short-term, rapid control, which prevents 
accumulation of unused product In the case of 
repression, the end product, usually a small 
molecule, decreases the synthesis of one or 
more enzymes involved in its biosynthetic path 
by acting at the DNA level, this control assures 
that proper enzyme concentrations are main- 
tained in the cell In comparison to feedback 
inhibition, repression is a fine and long-lasting 
control because it is a response to a continuing 
situation rather than to momentary fluctua- 
tions Although these feedback mechanisms 
have been elucidated using microorganisms, 
there is evidence emerging which suggests that 
they are also operative in mammalian cells 
Extensive work has led in recent years to a con- 
siderable broadening of our knowledge of many 
aspects of the control mechanism of pyrimidine 
synthesis Originally, attention was focused on 
aspartate transcarbamylase (ATCase) (step 2 in 
Fig 1 128), since this enzyme had been shown 
to be subject to feedback inhibition m E coli 
(Gerhart and Pardee, 1962) ATCase from rat 
hver and from Ehrlich ascites tumor cells were 
reported to be sensitive to feedback inhibition 
However, later studies on purified liver prepa- 
rations did not show sensitivity to inhibitors, 
nor did the enzyme when isolated from erythro- 
cytes or leukocytes — even though m the latter 
study wide ranges of pH, and of substrate and 
inhibitor concentrations were tried (Curcie and 
Donachie, 1964, Prager, et al , 1967) The con- 
sensus at present is that ATCase does not play 
a regulatory role in mammalian systems, and 
attention has shifted to the first step in the 
pathway of pyrimidine synthesis, which is cata- 
lyzed by carbamoyl phosphate synthetase 11 
(CPSase II) This enzyme, isolated trom fetal 
rat liver, requires glutamine as nitrogen donor, 
and IS subject to inhibition by UTP This latter 
finding, together with the fact that carbamoyl 
phosphate synthetase II exhibits a low turnover 
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rate, suggests that this enzyme may play an 
important regulatory role m the pyrimidine 
biosynthetic pathway (Hager and Jones, 1967) 

It IS worth mentioning that the liver of adult 
rats contamd carbamoyl phosphate synthetase 
activity which requires ammonia as nitrogen 
donor and iV-acetyl-L-giutamate as cofactor 
This carbamoyl phosphate synthetase is not 
sensitive to pyrimidine feedback inhibition, 
and evidence indicates that it is important in 
the urea cycle rather than in the synthetic 
pathway of pyrimidine From regenerating 
liver, in which both urea and pyrimidine syn- 
thesis are occurring simultaneously, carbamoyl 
phosphate synthetase activity has been sepa- 
rated into CPSase I (requiring ammonia) and 
CPSase n (requiring glutamine) (Nakamshi et 
al , 1968) 

A metabolic intermediate can be involved in 
the regulation of a biosynthetic pathway not 
only through feedback inhibition but also by 
induction of increased levels of enzymes neces- 
sary to turn the intermediate into product 
Studies on human diploid cells in culture in 
which addition of dihydroorotic acid gives rise 
to increased levels of orotidine-5'-monophos- 
phate decarboxylase (step 6 in Fig 1 128), and 
possibly also of the enzymes catalyzing the pre- 
ceding two steps, may serve as an example 
(Pinsky and Krooth, 196'7a, b) 

BIOSYNTHESIS OF PURINES 

In contrast to the pyrimidine ring, which at- 
taches covalently to the nbose phosphate after 
its synthesis has been completed, de novo S 3 m- 
thesis of the purine skeleton occurs on the ri- 
bose phosphate residue Studies with labeled 
precursors revealed the atoms of the purine 
skeleton to be derived from the following 
sources (Fig 1 130) 

The first step in the biosynthesis of purine 
(see Fig 1 131) is the phosphoribosyl pyrophos- 
phate amidotransferase-catalyzed amination of 
phosphoribosyl pyrophosphate (PRPP), which is 
an important intermediate and has been impli- 
cated as a regulatory factor in the biosynthesis 
of all nucleotides (recall that it appears also in 
step 5 of pyrimidine biosynthesis, see Fig 
1 128) This step utilizes the amide nitrogen of 
glutamine, and involves an inversion at C-1 of 
the nbose moiety yielding 5'-phosphoribosyl-l'- 
amine This amine is then conjugated with gly- 
cine m an ATP-dependent reaction, and the 
resulting glycinamide ribonucleotide is formyl- 



a-nitrogen 
from Qspo rtcite ^ 

w 


Formyl 

Amide nitrogen 

from glutamine 

Fig 1 130 Source of atoms in the purine ring 

ated and subsequently amidated by transfer- 
ence of the amide nitrogen from glutamine 
The fifth step entails an ATP-dependent dehy- 
dration with concomitant ring closure to yield 
the imidazole portion of the purine The next 
two steps involve the carboxylation of 5-ami- 
noimidazole ribonucleotide followed by amida- 
tion, the nitrogen being derived from the a- 
amino group of aspartic acid Into this interme- 
diate, 5-aminoimidazole-4-carboxamide ribonu- 
cleotide, the last carbon atom is introduced by 
formylation and then, in a final step, dehydra- 
tion leading to ring closure completes the syn- 
thesis of the hypoxanthme ribonucleotide, re- 
ferred to as mosimc acid 

With the synthesis of inosmic acid a branch 
point in the biosynthetic pathway has been 
reached (see Fig 1 132) On the one hand, 
ammation of this intermediate in a two-step 
process which is GTP-dependent, results in 
adenosine-5'-monophosphate (AMP), on the 
other, likewise in a two-step process, mosimc 
acid is oxidized and then, in an ATP-de- 
pendent step, aminated to give guanosine-5'- 
monophosphate (GMP) Synthesis of purine 
deoxjnnbonucleotides is catalyzed in in vitro 
experiments by the same enzymes which reduce 
pyrimidine nucleosides Control is again strin- 
gent and complicated The pathway is outlined 
m Figure 1 129c 

Purine biosynthesis is controlled by feedback 
inhibition at the first committed step, which is 
the glutamine-dependent amidation of PRPP 
catalyzed by PRPP-amidotransferase (step 1 in 
Fig 1 131) (Wyngaarden and Ashton, 1959) 
Studies of the partially purified enzyme from 
mammalian tissue showed that AMP, ADP, 
ATP, GMP, GDP, and inosine monophosphate 
(IMP) all can act as inhibitors with varying 





1-148 G'^NERAl pHYUIOlCG'C^l .M 


Section 1 


POH; 



Phosphonbobvl Pvro 
phosphate Amido 
Transferase 


OPOP 


(D 


Glutamine 


\ I’l’. 

Glutamate 


p()H>r 0 yn, 



RibosNlamine 1 
Phosphate GKtine 
Li^;ase 


- 

Glvcme ADP 
ATP ^ 1\ 


5'-Phosphoribosyl- o' Phosphonbosvl 

r -Pyrophosphate 1' Amine 


II H 
\ 

Vlh 

H 


\ 0 

Ribose V P 

GKciiLimide 

Hiboniuleotuie 



Ribos€-5'-P 
Inosinic Acid 


N N'*’Meth\lene 
Tetrah\dro folic 
Acid 

(i) 

IVtrahvdro 
folate ' 


0 Phosphonbosvl 
\ boimvl^dycinaniK 

1 etrahvdrofolate,o 
Fornultranslerase 


\ 


OIK' OH, 

H 0 


\ 0 

1 

Ribose VP 


Inosine 5'- 
Monophosphate- 
1 , 2- Hydrolase 


1 ® 


H2N' 


/ 


OHC 


\ 


H 


,N, 

Ribose-5'-P 


5-Formaraidoimida7ole- 
4- Carboxamide 
Ribonucleotide 


5'-Phosphoribosyl- 
5-Formamido-4' 
Imidazolecarboxamide 
Tetrahydrofolate 
10-F ormyltransf erase 


Tetrahydrofohc 
/ Acid 

(D 

VN ‘“-Formyl 
Tetrahydrofohc 
Acid 


KK 



HsN 


Ribose-S'-P 


Fumarate 

+ADP Aspartate 
+P. -eATP 



1) Aspartate Ligase 

2) Adenylosuccinate 
AMP Ligase 


5-Ainiiioimidazole- 
4-Carboxamide 
R bonucleotide 


(¥”N-Formv!glvt inamide 
Hihomu leotide 


Glutamine ' 

® ! 

Glutamate* Formvl GKcinamidi 
‘ \mido IVansferase 

1 

ADP f 

n 

1 

N 


OHC’ (;IL 

i 

r 

Ml 

Ribose 5' P 


N-Formylglycinamidine Rihonucleotidf 




ATP 
AI)P + P»^ 
H2O * 


5' Phosphonbosyl 

Formvlglvcmamidi 

(Xcioligaae 


HOzC^ 

s ^ 

[COsl 

® J 

E 2 N 

. / 

T 

Ribose-5'-P 

Phosphonbosyl- 

Ammoimidazole- 

Carboxylase 



Ribose-fV P 


5-Aminoimidazole 
4-Carboxyhc Acid 
Ribonucleotide 


5-Ammoimidazole 

Ribonucleotide 


Fig 1 131 Biosynthetic pathway of inosinic acid 





1-1 50 GENERAL PHYS^O^OGSCAl 'i'’nO 


Sect/on / 


PRPP 



\MP 


b 


8 ^ q 


10 


^ IMP 


(IMF 


Fig 1 133 Schematic representation of main control points in punru' ttiosvnthe>n ( in !t>.! ncn'tic' tDi.^spond to 
steps in the biosynthetic pathway shown in Figure 1131 Dashed line mdu ite regulatoiy p irhvcay 


been placed on the purines, because ol their 
wider use as therapeutic agents It was oiiIn in 
recent years however, that the lack ot certain 
reutilization enzvmes was reco^ni/cd as a c<iuse 
of serious disorders 

The most important en/vmes toi both p%nm- 
idine and purine reutih/ation are a) nucleoside 
phosphorylases, b) nucleoside kinases and c ) 
phosphoribosvl transferases (Fig 1 l.U) Nu- 
cleoside phosphorylases catal\/e the reversible 
reaction 

nucleoside -j- P) base t nbose-l P 

These enzvmes, possessing broad specificity, 
have been found in many tissues, such as 
spleen, liver, and Ehrlich ascites tumor cells 
Nucleoside kinases phosphorylate nucleosides 
to yield nucleotides Most studies have been 
performed using adenosine kinase, which is 
widely distributed in mammalian tissue Aden- 
osine kinase is fairly specific for adenosine, al- 
though it can react with certain adenosine ana- 
logs Phosphonbosyl transferases catalyze the 
formation of the glycosidic linkage between 
base and PRPP, resulting in nucleoside mono- 
phosphate and PPj In mammalian tissue two 
enzymes have been well characterized to date- 
one which reacts with adenine and the other 
with hypoxanthme, guanine, and xanthine 
In summary, preformed bases can be con- 
verted to nucleotides either by formation of 
nucleoside and subsequent phosphorylation, or 
by direct condensation with PRPP The speci- 
ficity of the reutilization pathway enzymes and 
their mode of control assure that there is no 
excess of one base or nucleotide at a given time 
and that de novo synthesis can be kept at its 
lowest level for maximum efficiency These 
pathways also assure that if exogenous purine 
or pyrimidine is available, it can be utilized to 
the greatest benefit of the organism In addi- 
tion to the above enzymes involved m the reu- 
tihzation of preformed bases, many additional 
enzymes exist, likewise carefully controlled, 
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Incorporation of Purines and 
Pyrimidifies into Nucleic Acids. Their 
Orientation in Nucleic Acids, and 
Nucleic Acid Breakdown 

The deoxvnboniu leoside triphosphates of 
adenine, guanine, th\nuru\ and evtosine are 
the substrates for enzyme-cat alvzed pohmerr/a 
tion which results m deoxvnhonueieie and 
(DNA), as depicted m Figure ! 135 Siniilarlv, 
nbonucleoside triphosphates of adenine, gua- 
nine, uracil, and evtosme are fKiivnienzed by 
mammalian DNA-dependent RNA polymerase, 
yielding ribonucleic acid (RNAh The resulting 
nucleic acid molecules are the genetic informa- 
tion earners of the living organism The infor- 
mation transfer reactions, including duplication 
of DNA, transcription, w^hich is the synthesis of 
messenger RNA on a DNA template, and 
translation of the messenger ENA ccide, are 
processes m which the formation and cleavage 
of highly specific hydrogen bonds between pur- 
ines and pyrimidines play a crucial role Hy- 
drogen bonds are the result of an associative 
interaction between an acidic, hydrogen- 
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bearing atom (donor), and an electronegative 
group (acceptor), such as tertiary nitrogen or 
carbonyl oxygen 

For some time the specificity of purine-py- 
rimidine pairing (guanine -cytosine, adenine- 
thymine) was thought to reside in the stereo- 
chemical restraints imposed by the helical DNA 
structure, however, x-ray studies of crystals as 
well as spectroscopic studies in solution of base 
derivatives themselves have indicated that the 
cooperativity of all noncovalent bond interac- 
tions, including the hydrophobic bond, ionic 
bond, but particularly the hydrogen bond, is 
sufficient to bring about specific base-pairing 
(Voet and Rich, 1970) For example, several 
configurations are theoretically possible for the 
guanme-cytosine base pair (Fig 1 136), but on 
the basis of the model systems studied, it can 
be concluded that only one configuration {h) 
occurs This configuration, as opposed to oth- 
ers, derives added stability from the high 
number of favorable hydrogen bonds In fact, 
this pairing coincides with the Pauling-Corey 
modification of the Watson and Crick proposal 
in the DNA model The elucidation of the in- 
formation contained in nucleic acids ranks 
among the great scientific achievements of our 
time, and the interested reader is referred to 
pertinent summaries (Taylor, ed , 1963, 1967, 
Frisch, ed , 1966 and 1969, Crick, 1966, Yanof- 
sky, 1967) 

The turnover rate of DNA and all the dif- 
ferent types of RNA in mammalian cells is 
slow Although several enzymes capable of de- 
grading DNA and RNA have been isolated and 
well characterized, our understanding of the in 
VIVO breakdown of these molecules is at present 
rather limited 

Among the known deoxyribonucleases atten- 
tion should be drawn to two, both of which are 
endonucleases, but which differ in their mecha- 
nism of cleavage DNase I, which is effective at 
neutral pH, catalyzes cleavage of nucleotide 
bonds to form oligonucleotides possessing a free 
3'-hydroxy group, but retaining the 5'-phos- 


phate Another type of nuclease, DNase II, has 
an acidic pH optimum, and catalyzes intranu- 
cleotide cleavage to yield oligonucleotides with 
a 5'-hydroxy and a 3'-phosphate group Both 
types of deoxynuclease have been isolated from 
bacterial as well as mammalian sources (Las- 
kowski, 1967) Similarly, microorganisms and 
mammalian tissue contain ribonucleases which 
possess different specificities Bovine pan- 
creatic RNase, for example, a well-character- 
ized protein whose complete structure has been 
elucidated (Wyckoff et al , 1968), is an endonu- 
clease which catalyzes the cleavage of the 3'- 
phosphate ester as long as a pyrimidine base — 
rather than a purine — is attached at the T -po- 
sition of the given ribose moiety It appears 
that DNA and RNA are first converted to oli- 
gonucleotides which in turn are catabolized to 
mononucleotides, possibly by nonspecific phos- 
phodiesterases The 5'-nucleotidases and nu- 
cleoside phosphorylases, so far found in all tis- 
sues investigated, then complete hydrolysis to 
the free bases The further breakdown of pur- 
ines and pyrimidines is discussed in the fol- 
lowing sections 

DEGRADATION OF PYRIMIDINES 

Our present knowledge of the catabolic path- 
ways of cytosine, uracil, and thymine is sum- 
marized m Figure 1 137 Much of this informa- 
tion is derived from work with microorganisms 
and enzymes isolated from mammalian liver A 
problem in the determination of these path- 
ways has been the lability and short lifetime of 
some of the intermediates The first step in the 
degradative pathway of pyrimidines is a reduc- 
tion to the dihydro derivative Hydrolytic ring 
scission of the amide bond between positions 3 
and 4 gives rise to the corresponding A'-carba- 
moyl-/?-amino acid These compounds are de- 
acylated to /3-alanme in the case of uracil and 
jd-ammoisobutyric acid m the case of thymine 
That these compounds are susceptible to fur- 
ther degradation by transamination to malonic- 
and methyl malonic-semialdehyde and eventual 
retuilization for branched-chain fatty acid syn- 
thesis IS known from earlier work 

DEGRADATION OF PURINES 

Because one product of catabolism of purmes 
IS uric acid, a compound implicated in several 
human diseases, the degradative pathway of 
the purines has been worked out in greater de- 
tail than that of pyrimidines Purine catabolism 
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is outlined m Figure 1 138 Guanine is deami- 
nated by guanase to xanthine The analogous 
reaction is not possible with adenine since 
animal tissue lacks adenine deaminase, hence, 
m a three-step reaction adenylic acid or adeno- 
sine are likewise converted to xanthine (Balis, 
1967) The last of these steps is catalyzed by 
xanthine oxidase, which also oxidizes xanthine 
to unc acid (Pig 1 138, steps 3 and 4) Unc 
acid is the excretory product m man, some 


primates, reptiles, fowl, insects other than Dip- 
tera, and m the Dalmatian dog (which cannot 
reabsorb unc acid) In the ureotehc mammals, 
primeval vertebrates, marine elasmohranchs, 
and teleosts, unc acid is further hydrolyzed by 
uncase to allantom, a more soluble excretory 
product Allantom, m turn, is further degraded 
to allantoic acid by allantoinase, and then to 
urea and glyoxyhc acid by allantoicase. In the 
lower forms of life, bacteria and marine inver- 
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tebrates, urea is not excreted, but instead is 
metabolized to carbon dioxide and ammonia It 
is tempting to speculate that higher animals 
have lost uncase in the course of evolution, 
leaving them with the disadvantageous excre- 
tion of the slightly soluble uric acid (Gutman, 
1965) 

Uric acid is not the major pathway of ni- 
trogen excretion in man Instead, the ammonia 
nitrogen of most ammo acids, the major ni- 
trogen source, is shunted into the urea cycle 
The major amount of uric acid is excreted by 
the kidney, although uricolytic bacteria present 
in the small intestine degrade the acid further, 
as was revealed by administration of labeled 
uric acid and recovery of label in expired 
carbon dioxide, as well as in urinary uric acid 
A greater amount of extrarenal elimination of 
uric acid appears to occur in patients who are 
hyperuricemic; this finding has been thought to 
be a cause and effect relationship, but the in- 
creased extrarenal elimination may also be due 
to undetected impaired kidney function 


DasoEideirs off Pyrioe ar^d Pyrimidane 
Meta tool BSiin 


GOUT 

Primary gout is a genetically determined dis- 
order of purine metabolism characterized bio- 
chemically by hyperuricemia Hyperuricemia 
may be as 3 miptomatic for long periods, in gout 
it usually becomes clinically significant through 
recurrent attacks of acute arthritis The ar- 
thritic stage rarely begins before puberty m 
males or before menopause in females Renal 
calculi can occur at any time, but tophaceous 
deposits usually appear after the development 
of acute arthritis Gouty patients may over- 
produce and overexcrete uric acid, or they may 
excrete normal amounts In certain cases pro- 
duction may be normal, but defective renal 
function may result in hyperuricemia which in 
turn may cause gout (renal gout) Secondary 
gout is acquired as a complication of hyperuri- 
cemia associated mainly with hematological 
malignancies, or in drug-induced states 

One of the major problems in gout is the 
nature of the triggering mechanism of the acute 
attack Uric acid is rather insoluble in acidic 
solutions, although alkalinity increases its solu- 
bility At blood pH (7 44) it is present as the 
sodium salt, which is likewise insoluble but fre- 
quently forms supersaturated solutions The 
events leading to initial crystallization of so- 
dium urate from supersaturated fluid are poorly 
understood, but once crystals form they are 
phagocytized by numerous polymorphonuclear 
cells in the synovial fluid It has been recently 
shown that the phagocytosis of urate crystals, 
but not of diamond dust particles, results in the 
elaboration of a chemotactic substance by the 
polymorphonuclear cell (Phelps, 1969) It now 
seems likely that the primary action of colchi- 
cine in aborting gouty inflammation is its inhi- 
bition of motility of the polymorphonuclear 
cells by interference with the formation of pro- 
toplasmic gels (microtubules) (Malawista, 1968) 

The most common definition for hyperuri- 
cemia IS statistical, 1 e , any value over two 
standard deviations from the normal mean is 
defined as high The upper limit of normal has 
been found to be 6 3 to 6 4 mg /lOO ml in 
males, and 5 8 mg /1 00 ml in females (by the 
uricase method) These values depend some- 
what on the technique used for measurement, 
colorimetric methods giving higher values than 
enzymatic ones Another widely used measure- 
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ment is that of the “miscible pool” of unc acid, 
determined by isotope dilution of urinary unc 
acid, after an injection of the labeled com- 
pound In normal males the pool contains about 
1200 mg , with a turnover of approximately 700 
mg /day The serum unc acid concentration m 
98% of gouty patients was found to be above 7 
mg /lOO ml by the uncase method In these 
subjects the naiscible pool was generally as high 
as 2000 to 4000 mg , and in cases of severe gout 
could reach 18,000 to 31,000 mg. (Wyngaarden, 
1966) There is some speculation that urate 
may exist m bound form in plasma, and that a 
deficiency m binding may cause the excess (So- 
renson, 1969). In this chapter the intention is to 
relate causes of gout as they are understood in 
terms of disorders in the basic biochemistry of 


the metabolic pathways of purmes described 
above 

Uric acid is formed from purmes, which are 
liberated as a result of enzymatic degradation 
of tissue and dietary nucleoprotems and nu- 
cleotides, and is also formed by de novo purme 
synthesis. The immediate precursors of uric 
acid are hypoxanthine and xanthine, which are 
both acted upon by xanthine oxidase 'The rate 
of purine synthesis m normal and gouty pa- 
tients IS routinely studied by measuring incor- 
poration of or ^^C-glycme into uric acid 
In contrast to normal subjects, patients with 
primary gout show enhanced uric acid produc- 
tion. The pattern of incorporation of label into 
unc acid is characterized by a rapid and exces- 
sive rise, followed by a fairly rapid decline 
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This pattern is indicative of a “shunt pathway” 
for uric acid synthesis, i e , a major portion of 
the newly synthesized purine is diverted from 
incorporation into nucleic acids and instead is 
catabolized to uric acid 
Most forms of primary gout (metabolic gout) 
are a result of overproduction of uric acid 
caused by accelerated de novo purine synthesis, 
which may or may not be accompanied by over- 
excretion It IS to the cause of the increased 
synthesis that we address ourselves below 

In 1964, an X-linked hereditary disease, now 
known as the Lesch-Nyhan syndrome, was first 
reported Its clinical features are developmental 
regardation, spastic cerebral palsy, choreoathe- 
tosis, and self -mutilating, aggressive behavior 
(Bland, 1968) The patients have markedly in- 
creased serum uric acid levels, usually in the 
range of 15 mg /1 00 ml , and excretion of uric 
acid IS so high (in terms of milligrams uric acid 
per kilograms body weight) that these children 
would be classified as overexcretors even if they 
were adults Incorporation studies with 
glycine indicate an overproduction up to 20 
times control, which is about 10 times the unc 
acid level in gout From other studies it is 
known that hypoxanthme is normally recycled 
to a much greater extent than xanthine, and 
therefore the ratio xanthine hypoxanthme is 
always greater than one In the Lesch-Nyhan 
syndrome, more hypoxanthme than xanthine is 
excreted This fact indicates that hypoxanthme 
IS probably the major precursor of uric acid in 
the syndrome The explanation of this finding 
IS that all patients exhibiting the syndrome to- 
tally lack the enzyme hypoxanthme -guanine 
phosphoribosyl transferase (PRT), which cata- 
lyzes the transfer of the ribose-5' -phosphate 
moiety of b'-phosphonbosyl-l'-pyrophosphate 
to the free purine bases, hypoxanthme and 
guanine (Fig 1 134, step 6) The absence of the 
enzyme is especially notable in the brain, where 
activity IS normally high The conclusion which 
can be drawn is that lack of this enzyme evokes 
a detrimental increase in purine synthesis 
There are at least two possible mechanisms 1) 
a decrease m GMP formation could result in 
diminished feedback inhibition of phosphori- 
bosyl amidotransferase, 2) a decreased utiliza- 
tion of PRPP may increase its availability for 
de novo synthesis (both Fig 1 131, step 1) 
Because of the similarity of the Lesch-Nyhan 
syndrome to gout, it was natural to assay for 
PRT m gouty patients Seegmiller and his col- 


leagues carried out extensive work both in vi- 
tro, on cultured human fibroblasts, and m vivo 
(Kelley et al , 1969) They found a decrease in 
PRT activity in a substantial number of gouty 
subjects The decrease is the same within fami- 
lies, but the absolute amount of decrease is dif- 
ferent between families All patients with a 
lack or defect of PRT produce excessive quanti- 
ties of uric acid, with a reflection m the urinary 
excretion m most cases PRT-deficient patients 
show the “shunt” pattern of incorporation Iso- 
lated mutant enzymes show varying degrees of 
heat stability that are quantitatively different 
from normal enzyme In the course of the 
studies it was consistently found that the pa- 
tients had an abnormally high level of adenine 
phosphoribosyl transferase (A-PRT) The sig- 
nificance of this observation has not been de- 
termined, although it IS tempting to speculate 
that the lack of GMP derepresses this enzyme, 
since GMP can be converted to AMP through 
IMP Cultured fibroblasts from the enzyme- 
deficient subjects showed an increase in purine 
synthesis to four times normal, and in some 
cases an increase in free intracellular PRPP, 
probably due to decreased utilization Fibro- 
blasts deficient in PRT also showed that ami- 
dotransferase activity could be activated by 
hypoxanthme or guanine, unlike the situation 
in which the nucleotides of these bases serve as 
inhibitors This activation could provide an- 
other possible mechanism for increased purine 
sjmthesis de novo, especially since intracellular 
nucleotide concentrations seem to be normal, 
so that feedback inhibition should not be di- 
minished These studies on gouty overprodu- 
cers of uric acid indicate that the enzyme PRT, 
formerly believed to be a rather unimportant 
“salvage” enzyme, may play an important role 
in control of purine metabolism Whether the 
loosening of this control causes increased S 3 m- 
thesis by raising the concentrations of sub- 
strates (PRPP, hypoxanthme, and guanine), or 
by decreasing inhibition, or both, will most 
likely be determined in the near future 

Most of Seegmiller’s gouty patients produced 
quantities of uric acid comparable to those dis- 
cussed above, but had normal PRT activity 
This fact demonstrates that primary gout is the 
phenotypic expression of a heterogeneous group 
of genetic abnormalities Other possible causes 
will now be discussed 

Decreased utilization of PRPP has already 
been implicated, however, the erythroc 3 /tes of 
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some gouty patients show an increased capacitv 
for the synthesis of this substrate (Hershko, et 
al , 1968) The overall effect of increased s\ti- 
thesis of PRPP IS the same as its decreased uti- 
lization, both phenomena leading to acceler- 
ated de novo purine synthesis The increased 
PRPP synthesis is linked to enhanced levels of 
endogenous ribose-5'-P, its immediate pre- 
cursor 

Some experiments have demonstrated that 
excessive purine synthesis in gouty patients can 
be modulated by adenine, indicating that de- 
rangements of the regulatory mechanism are 
quantitative rather than qualitative Also, m 
vitro leukocvte studies showed that while ^^C- 
glycme incorporation was on the average 1 8 
times higher m gouty than normal cells, hvpo- 
xanthme was incorporated to the same extent in 
both cell types, and still inhibited excessive 
purine synthesis In these examples feedback 
inhibition and PRT activity are both normal, 
however, Rosenbloom, Henderson, and Kelley 
(1968) did demonstrate two patients with 
normal PRT activity and a defect in feedback 
inhibition (Fig 1 131, step 1) Incorporation of 
i<C-glycine by skm fibroblasts was less sensitive 
to exogenous adenine and hvpoxanthme m 
these patients than in normal individuals (Ro- 
senbloom et al , 1968) 

It has been postulated that in gouty patients 
increased quantities of glutamine are available 
for the first step of purine bios 3 mthesis m the 
liver due to decreased glutammase activity 
This decreased activity could impair the renal 
formation of ammonia and result in unduly 
acid urine This postulate was advanced m an 
attempt to explain the development of uric acid 
stones in gouty patients and their rarity m 
nongouty hyperuricemic patients Earlier obser- 
vations had indicated that unc acid stone for- 
mation (urolithiasis) resulted chiefly from hy- 
perexcretion of unc acid, however, approxi- 
mately three-quarters of gouty patients with 
stones excrete normal amounts of unc acid 
Although direct studies have failed to confirm a 
deficiency of glutammase m renal tubules, 
there is a persistent undue acidity of the urine 
of patients with primary gout accompanied by 
an absence of early morning and postprandial 
alkaline tides This finding correlates with re- 
duced ammonia formation, 25 to 30% less than 
expected in relation to the urinary pH It is this 
persistent excessive acidity of the urine which 


IS currently thought to be the maior factor m 
stone formation (\u and (hitman, 1967) 

In summary a deficien(\ of PRTadivitv can 
cause unc acid overproduction in gout, and 
while it IS rather rare it provides a rational 
explanation tor overprodiution in these partic- 
ular patients The en/vmes of de no\o purme 
biosMithesis are under strict regulatorv' control, 
however, occasionalK a loosening of this control 
does occur PRT deficieiuv contributes to this 
occurrence Probably no one specific cause of 
hvpenincemia and gout maN he postulated, but 
the various biochemical lesions leading to the 
disease have either been pinpoint c*d or are 
under focused investigation (dinu’allv gout 
and, in general, hvperuncemia are treated with 
allopurmol, a purme analog which effectively 
inhibits xanthine oxidase* m Mtro and in vivo, 
and which also appeals to mhilut de novo pur 
me synthesis Ihe consistent leduction m unc 
acid synthesis in response* to allopunnol is a re- 
sult of both actions 

XANTHINURIA 

Xanthinuria is a rare disorder of purme me- 
tabolism characterized bv excretion of xanthine 
as the maior end-product of punne metabolism 
Oxypunne levels of the serum are elevated, and 
unc acid levels are low Because* xanthine is the 
chief purine metabolite excreted, it was thought 
that there might be a lack of xanthine oxidase 
activity (Fig 1 138, steps 3 and 1) I'his fact 
has been confirmed by dired ass«iv Hvpoxan- 
thine does not accumulate under these condi- 
tions because of its efficient reutdization Xan- 
thine oxidase, a flavin protein containing mo- 
lybdenum and iron as cofactors, is m mammals 
normally found in the liver, small intestinal 
mucosa and possibly bone marrow. The com- 
plete absence of xanthine oxidase m patients 
with xanthinuria provides a clear demonstra- 
tion of a specific biochemical lesion as the 
cause of a disease, although for this particular 
disorder no broader clinicai manifestations 
have been reported except for the occasional 
passing of a xanthine stone 

HEREDITARY OROTIC ACIDURIA 

Hereditary orotic aciduna is a rare disease 
characterized by retarded growth and develop- 
ment, megaloblastic anemia, and exemive ex- 
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cretion of orotic acid. The detection in 
urine of orotic acid, a known intermediate in 
pyrimidine biosynthesis, suggested that there 
might be a block in the biosynthetic pathway 
subsequent to orotic acid formation (Fig. 1.128). 
The first patient discovered with this abnor- 
mality was therefore treated with yeast pyrimi- 
dine nucleotides. His improvement led to assay 
for the enzymes of pyrimidine biosynthesis in 
samples of his cultured erythrocytes and those 
of his family. Low levels of both orotic acid 
pyrophosphorylase and orotidine monophos- 
phate decarboxylase activities were found (Fig. 
1.128, steps 5 and 6) (Smith et al., 1961). In- 
creased incorporation of labeled precursor in 
these patients suggested accelerated de novo 
pyrimidine synthesis, probably due to release of 
end-product inhibition. This disease is a good 
example of how an hereditary disorder can be 
pinpointed and treated. Once the complete bio- 
synthetic and catabolic pathways of a particular 
compound are known, the excretion of an inter- 
mediate metabolite strongly suggests that a 
step subsequent to its formation has been 


blocked. The lack of two enzymes, as noted in 
this case, might indicate an abnormality in the 
genetic regulatory mechanism. Treatment of 
orotic aciduria has been limited to replacement 
therapy with uridine (Becroft et al., 1969). Suc- 
cess of treatment depends on the efficiency of 
reutilization pathways for pyrimidines. The 
higher efficacy observed with uridine as com- 
pared to uracil suggests that the more impor- 
tant reutilization path in man is normally the 
two-step one involving the nucleoside phospho- 
rylase and nucleoside kinase. A problem with 
uridine treatment has been that the blood- 
brain barrier may not be permeable to the nu- 
cleoside, causing continued pyrimidine starva- 
tion in the brain which may explain the intract- 
able mental retardation. Treatment does re- 
duce the excretion of orotic acid, however, so 
that the exogenous nucleoside re-establishes 
feedback control. The pyrimidine reutilization 
pathways, here useful in control of disease, may 
well be recognized to be essential in normal 
metabolism as has been found in the case of 
purines. 
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Nucleic acids aie maciomolecuies present in 
all living cells Thev weie tnst isolated iiom 
pus cells by Fiiediich Mieschei in ISbM Com- 
plete hvdroKsis ol nucleic acids Melds a mix- 
ture ot basic substances called puiines and 
p>rimidines a sugai and phosphoiic acid The 
nucleic acids are classitied into two main 
categories, according to the sugar the\ contain 
Those containing i)-iibose are called ribonu- 
cleic acid^ or RNA Those containing i)-2'deo\- 
yribose aie called deoxvnbonucleu acids oi 
DNA The pyrimidines commonh lound in 
nucleic acids are uracil (U), thvmine (T), and 
cytosine (C), the major purines are adenine { \) 
and guanine (G) 

Deoxyribonycleic Acid 

The first serious consideration that DNA can 
carry genetic information arose from Aveiys 
experiments (1944) on bacterial transforma- 
tion Bacterial transformation ma> be defined 
as the transfer of genetic characteristics to a 
recipient cell by means ot DNA isolated from a 
donor cell population The phenomenon of 
bacterial transformation was observed for the 
first time in pneumococcus All virulent pneu- 
mococci form smooth colonies (S-type) when 
cultured on agar, because of a distinctive 
polysaccharide capsule on the cell surface 
Avirulent strains of pneumococci do not have 
the ability to form the polysaccharide capsule 
when cultured on agar, and hence form rough 
colonies (R-type) Griffith made the observa- 
tion m 1928 that the addition of heat -killed 
pneumococci of the S-type into a suspension of 
live avirulent pneumococci caused a small 
fraction of these bacteria to be transformed 
into pathogenic cells Subsequently Avery, 
McLeod, and McCarty ( 1944) in a now classical 
experiment showed that pneumococci of the 
R-type can be transformed m vitro into the 
S-type by means of DNA prepared from R-type 
cells Confirmation that nucleic acids are the 
earners of genetic information came from stud- 
ies with viruses From these studies it was 
shown that viral genes are also nucleic acids 
1-158 


STRUCTURE OF DNA 

The ("ovalent Backbone ol DNA The 
dec>\\ rihonut leu iU ids an* poK niu leotidts m 
whuh the fundanuaital units t }u‘ muleotides, 
aie linked tiMUU‘ anethei wit h > phosphodi 
estei bonds T'hus tiu^ (o\alent bai kbone {>1 
DNA Is made ot .iltiTuaiing deowiibost* <uk 1 
ph(»sphiite groups To this ha<kbon(‘the punne 
and pvnmidine bases aie attaihiul like side 
chains (Fig I 1 bb The stnutuie ot poKnu 
deotides is often lepH'scaitcul sclienuUualK as 
shown in Figuie 1 110 It tan be stuai tiiat a 
poK nucleotide has a d‘-end iind a.V em/ T'hese 
ends aie vei\ impoitant in (establishing duec 
tions ol synthesis ot DNA oi l-lNA, as well as m 
direction ot leading of RNA duung piotein 
synthesis 

A short hand wmv of writing mu leu atul 
sequences is to s\mboli/{* tht* hastes b\ then 
initial lettei and the phosphat(‘ group !)\ the 
lettei p A p positioned to the hdt oi the base 
designates the o'-position, it p appisus to the 
right of base designates the o' fiositum FiiialK, 
the prefix ci- svmboli/es deownbomu Imi acid 
sequences Iduis, d pApT'pl'pf 'p h s\ mi)oh/es 
a deoxypentanudeot ide in which a) the b' end 
has a free phosphate group h\ the four phos- 
phodiester bonds are between :r b'l\ 
:rT-~-r>T\ and m the .r- 

end has a free —OH 

Base Composition of DNA Applieatiun of 
quantitative chromatographic methcHis m the 
analysis of various DNA preparations enabled 
Chargaff (1951) to draw the following ex- 
tremely important condusums 

1) The base composition ot D\A vanes from 
species to species 

2) DNA preparations obtained from \iinous 
tissues of a given species have the same base 
composition, which is characteristic for that 
species 

3) The base composition of DNA ot a species 
does not change with age or nutritional state 

4) In every DNA examined the number of 
adenine residues was equal to the number of 
thymme residues, that is, A - T Similarly it 



Chapter 7 


1-159 


Nucleic Acids and Gene Activity 



Fig 1 139 Structure of a portion of a DNA chain with hypothetical base sequence 5' to 3', cytosine-adenine- 
thynnine-thymine-guanine 

was found that G = C, and therefore A -j- G = C equivalence of bases in DNA described by 

+ T In other words the sum of the purine Chargaff set up the stage for the understanding 

residues is equal to the sum of the pyrimidine of the 3-D structure of DNA In 1953 Watson 

residues These relationships apply to all dou- and Crick proposed a model for DNA which 

ble stranded DNA but not the single stranded accounted for all the observed chemical and 
ones physical properties of DNA The charactens- 

Three-Dimensional Structure of DNA. tics of the Watson-Cnck model are the follow- 
Application of x-ray crystallographic tech- mg 

niques to fibers of highly purified DNA enabled 1) DNA consists of two right-handed helical 
Wilkins and his colleagues to obtain important polynucleotide chains, coiled around the same 
data on the three-dimensional structure of axis to form a double helix 

DNA DNA was found to possess two 2) The two polynucleotide chains (strands) 
periodicities — ^a major one Corresponding to a are antiparallel, m the sense that the 3' — 5' 

regular spacing every 3 4 A along the fiber axis, phosphodiester bonds run in opposite direc- 

and a secondary one every 34 A (Fig 1 141) tions 

The crystallographic data together with the 3) The bases of the chains are stacked on the 
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Fig 1 140 Schematic representation of a polynu 
cleotide chain 


inside ot the double helix The planes ot bases 
aie parallel (o each othei and peipendic ular to 
the lonjii axis of the duplex 

/) The bases ot one chain aie paired with 
Indioi^en bonds v\ith the bases ot the other 
strand I'his pan me occurs between bases King 
in the same plane C)nl\ certain base pairs can 
be accommodated, these are A-l' and (KC 
(Phg 1 112) In other words A alwa\s pairs wath 
T and (r alv^avs pans with V 

5) The bases are stacked on top ot one 
another and tit a distance ot > 1 A There are 
exact K H) bases per complete turn ot the 
double helix A) 

6) lire double* helix has one* major groove 
and a minor one (Fig I 1 Id) 

(leneialK speaking the Indioiihilic sugar 
residues and charged phosjilmti* groups are on 
the outside of the DNA molecule w'hereas the 
hydrophobic bases are stacked within the dou- 
ble helix where thev are shielded Irom water 



refl2.LlT diffracts photograph of DNA The helical form of DNA is irKlicated by the pattern of x-i 

reflections crossing m the middle From Franklin and Gosling, 1953 
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Fig 1 142 Base pairing in DNA through specific 
hydrogen bonding a) Thymine-adenme b) Cytosine-gua- 
nine 

DNA carries the genetic information in the 
form of the base sequences This coded infor- 
mation IS translated through certain mech- 
anisms into amino acid sequences This means 
that the genetic information for the precise 
sequence of amino acids incorporated into 
proteins is stored in DNA in the form of base 
sequences 

The complementary double helical structure 
of the Watson-Crick model of DNA suggests 
that the molecule can be accurately self- 
replicated Indeed it is evident that each strand 
can serve as a template for the synthesis of the 
other strand The complementarity of the DNA 
strands and the specific and accurate base 
pairing are the key features for the DNA- 
replication 

Size and Shape of DNA Molecules. Intact 
DNA molecules are extremely large in size In 
fact native DNA molecules of bacteria are so 
large that they are easily broken by shear force, 
during their isolation The bacterial virus T2 
contains one DNA molecule of MW = 1 3 x 
10® The single chromosome of Escherichia coli 
consists of a single DNA duplex MW = 2 x 10® 


having a contour length of almost 1 mm 
Eukaryotic cells contain several chromosomes 
and each chromosome may contain one or more 
extremely large DNA molecules Although very 
little is known about the size and shape of the 
DNA molecules of higher organisms they are 
believed to be much larger than those of 
bacteria Although, initially, the experimental 
evidence suggested that DNA molecules were 
linear, as the techniques of handling DNA 



Fig 1 143 Space-filling model of DNA Courtesy of M 
H f Wilkins 
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piepaiations wete letined the picture emeij^eci 
that man\ DNA molecules are normallv pres- 
ent in a circular form DNA tiom A phage has 
been tound to be linear when isolated Irom the 
virus but circular when inside the host cell 
This suggests that the linear and the circulai 
forms are interconvertible It is possible in this 
case that the circular form is assumed dining 
replication of the phage DNA, whereas the 
linear torm is necessaiv tor the injection ot 
DNA through the narrow tail of the phage into 
the host cell Circular DNAs are tound not only 
in viruses but also in hactena Thus the single 
chromosome ot E call consists of a single 
circulai DNA duplex FinalH, in certain vi- 


ruses as toi examjile the 0 
circuhu single strand (Fig 


171 the DN \ IS d 
1 I n 


THE GENETIC ORGANIZATION OF DNA 
The lelatixe positions of ditleumt genes on 
chromosomes can lie deteimined h\ genetic 
exjieiiments The* phenomenon ot maiotu 
recombination piocides the basis tor the 
c hromosorne rncippiru^ expcuiinents (lenetic 
recombination occurs between homologous 
chiomosomes which specifiiallc iitt out each 
other and torm jiaiis Following jiair tor mat ion, 
sometimes the <hiomosonu‘s break iit the same 
point and recombine crosswise ((rossorrv) hi 
hacterm crossover and gemetu icx ornbinat ion 
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usually involve the intact chromosome of an 
acceptor cell and a chromosome fragment from 
a donor cell Transfer of the DNA fragment to 
the acceptor cell occurs, for example, during 
bacterial mating (conjugation), when a seg- 
ment of the chromosome of one cell is trans- 
ferred to the other, transfer also takes place 
during transformation (see Avery’s (1944) ex- 
periment) The identity of the transferred and 
recombined genes can be deduced from the 
induced changes in the acceptor cell Consider 
for example R-type pneumococcus transformed 
in vitro into the S-type by means of DNA In 
this case some of the transferred genes control 
the formation of the characteristic polysaccha- 
ride capsule of the S-type pneumococcus 

By employing techniques that permit anal- 
yses of these phenomena, various genes have 
been located on the chromosome, and detailed 
genetic maps for viruses and bacteria have 
been deduced These and other studies have 
provided the proof that one gene controls one 
protein The early “one gene - one enzyme” 
hypothesis thus became an established fact 
Since a protein may consist of more than one 
polypeptide chain, a more correct statement is 
“one gene - one polypeptide chain ” For exam- 
ple, the protein tryptophan synthetase of E 
coll consists of four polypeptide chains, two of 
one type, called A, and two of another, called 
B The A and B polypeptides are coded for by 
two adjacent genes Usually but not always, 
genes coding for different polypeptide chains 
(subunits) of a protein are adjacent on a 
chromosome 

DNA REPLICATION 

The Semiconservative Model of DNA- 
Re plication Watson and Crick (1953) postu- 
lated that DNA can self-replicate and that the 
key to this process lies in the complementarity 
of the strands and the accuracy of the specific 
base pairing According to the proposed mecha- 
nism, the strands of the original duplex sepa- 
rate Each strand, as it separates, serves as a 
template for the synthesis of a new complemen- 
tary strand The newly synthesized strand, 
together with the parental strand, forms a 
daughter DNA molecule (Fig 1 145) This 
process is called semiconservative replication 
Such a model of DNA replication was sup- 
ported by the classical Meselson-Stahl (1958) 
experiment E coli bacteria grown m a me- 



Fig 1 145 Semiconservative replication of DNA ac- 
cording to Watson-Cnck (Watson 1970) 


dium containing the heavy isotope ^^N have 
denser DNA than when they are grown under 
normal conditions with The “heavy” DNA 
can be separated from the “light” DNA by 
equilibrium density gradient centrifugation m 
CsCl solution In the Messelson-Stahl experi- 
ment E coll cells grown in ^®N -medium were 
transferred to ^'‘N-medium One generation 
after the transfer, all the DNA was found to 
have hybrid density i e , between the densities 
of the “heavy” and the “light” DNA, after two 
generations, half of the DNA had hybrid den- 
sity and half was light (Fig 1 146) 

The Movmg-Fork Mechanism Use of trit- 
lated thymidine during replication results m 
tritium labeled DNA This DNA can be visual- 
ized by autoradiography (Fig 1 147) Autoradi- 
ographs of this kind revealed that the new 
strands of DNA are synthesized as the parental 
strands separate In the autoradiograph m 
Figure 1 147, one can observe the entire rep- 
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Fig 1146 Replication of N^’-DNA (heavy) in the 
Messelson Stahl experiment In first generation each 
daughter molecule contains one heavy strand (N‘^) and 
a light one In second generation two DNA mole- 

cules are hybrids and two are light These results present 
solid evidence in favor of semiconservative replication 


heating chromosome ot E call Studies of 
autoradiographs of DNA isolated at various 
stages during the replication process enabled 
Cairns (1963) to observe the following a) the 
DNA molecule appears as a continuous double 
stranded circle, b) the replication appears to be 
sequential from a fixed starting point, c) the 
synthesis of daughter strands is accomplished 
by a movmg-fork mechanism, and d) behind 
the moving fork one can observe the two 
separated daughter duplexes, which are joined 
again at the initiation point The fork moves at 
a rate of 21 /x mm which corresponds to the 
addition of 10^ nucleotides to each synthesized 
strand Studies in bacterial and viral systems 
on the duplication of certain genes, showed 
that replication of DNA always initiates at 
starting points uniquely placed relative to 
known genetic loci Replication proceeds se- 
quentially m a unique direction relative to the 


stalling point Flu* stalling pinnts unnain in 
\ariant o\ci lepinitecl c\(k*s ul o^pluatum It 
appeals that the complex piiuesst's o{ l)\\ 
replKation and l)\ \ lepiiit uUiuh also re- 
quiies synthesis o{ new luateimll iinol\e se\- 
eial en/N ines such as [) \ \ /io/\ /an /nsa l)\ 
/rgase and spec ilu endurnu Kec emt iiv 

tormatiou implicati^s a nu'rnbranv bound 
vnz\mu as the pnni tpal (m/\ me of leplu ation 
The function and role ol all these en/\ nies m 
I)N ^\-ieplu ation and l)\ \ repair is considered 
below 

DNA Polymerase D\ \ poK numase (A 
Koniheig latah/es tlu* addit ion ol mom 

oiuuU‘otide units to .1 end nt a DW M a rate 
ot 1000 lUKleotides \m nnnnte pm inolei nle nl 
eiv/\me DN \ poK nu*r*ises have now been 
isoLited tioin a vanet\ ot baittn*it ,m(l iuunuil 
cells All these tm/\ ines eatah/r* the iollowing 
reac troll 


n,dArh 

n^clDTP 

n,cK"rP 

n,dlTP 


n\ \ Mg 1 n, \ HH* 

4.;, DNA 


tdVMP) 

UlilMlb 

jtcit'MP} 

kdEMP) 


. (ill ^ n * ID ^ npPP 
J|lH r<»ph<i ph ♦ 

2(ni » n f Hi • rplPi 


In the leaction shown above toi ear h phos- 
phodiester bond svnthesi/ed, a pv lophosphate 
bond IS broken and a pv lophosphatc* gtoup is 
leleased This reaction has ,i slight K positive 
free energy- 'Fhe reaction is diiveit to comple 
turn because splitting of the high eneigv bond 
of pyrophosphate liv the pviophosphatasf* re- 
leuvses additional energy . 'Fhe reaction letpnres 
preformed DNA whose t unction is considered 
below, and takes pUu‘e only in the presence of 
all four deoxynbonucleosides nplu^phates 
The 5'-diphosphates and r>'-monophosphates 
cannot substitute for the r>'-tnphosphates 
The E coll DNA poi>merase consists ot 
about iOOO ammo aend residues (MW 
109,000) The enzv me appears to b€> an end-to- 
end protein, and there ts no evidenc^e for 
protein subunits or prosthetic groups There is 
evidence that within the active center of the 
enzyme there are several sites* I ) a site for the 
template, 2) a site for the primer, d) a site for 
the3'-OH of the growing chain, and^if) a site for 
the 5'-tri phosphates (Fig 1 WBl.The synthms 
proceeds from the 6' 3' direction. A 5'-trn 
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phosphate enters the appropriate site and is (Fig 1 148) When the correct base pair is 

oriented so that it can be brought into direct formed, a nucleophilic attack by the 3'-OH on 

contact and form a base pair with the template the innermost phosphate takes place and a 



Fig 1 147 Autoradiography of an £ coh chromosome A represents the moving fork Behind the moving fork one 
can observe the two separated daughter duplexes These duplexes are joined again at the initiation point B Repro- 
duced from Cairns 1963 




1-166 


Section ; 


£RAl PH/SIOlOGiCAL P 


phosphodiester bond is toimed At the same 
time a new V-OH replaces the old one and the 
enzyme mo\es (relati\e to DNA) and binds to 
the new piimer teiminus Ai^ain another o'-tn- 
phosphate enters the triphosphate site and the 
polymerization step is lepeated The leaction 
will be completed with the addition ot the last 
base A (Fig 1 148) At that point it is evident 
that theie is no template to continue polvmcii 
zation in the 5' » -V direction 

DNA polymeiase can quickh toim a com- 
plete Imeai duplex fiom a DNA molecule as 
depicted in Figure I U9A On the other hand, 
an intact linear duplex is meit and does not 
support replication since there is no template 
m the direction ot 5' 3' (Fig 1 li9B) 

Similarly inert is a circular single or double 
stranded DNA 

The Biological Function of DNA Polymerase 
Despite the accumulated knowledge on the 
structure and in vitro action of DNA poKm- 
erase, the involvement ot this enzvme in the 
replication ot DNA m vivo is still unclear 
However, DNA polymerase definitely pla\s a 
primary role in the DNA repair mechanism 
Several distinct types ot DNA repair processes 
are known to exist The best known type is the 
repair ot the thymine dimers (Fig I 130) 
These dimers are formed by exposure ot bacte- 
nae cells to ultraviolet light It unrepaired, this 
damage is normally lethal It is proposed that 
repair proceeds with the tollowing steps Fust, 
a specitic endonuclease introduces a nick close 
to the damaged area, then an exonuclease 
excises a small region including the thymine 
dimer, the excised part is synthesized by DNA 
polymerase, finally, the last phosphodiester 
bond IS catalyzed by the DNA ligase As one 
could expect, mutants which lack DNA polym- 
erase are extremely sensitive to ultraviolet 
radiation Also, xeroderma pigmentosum, a 
human disease characterized by extreme sensi- 
tivity to ultraviolet light, involves defective 
DNA repair mechanisms This detect seems to 
be in the first step ot the repair mechanism, 
namely the endonuclease step 
Membrane Bound DNA-Rephcase, Recent 
information suggests that the DNA-rephcase is 
a cell membrane-bound enzyme Indeed iso- 
lated membrane fractions from bacteria cata- 
lyze DNA synthesis This enzymatic activity 
differs from that of DNA polymerase It is 
known that the bacterial chromosomes are 
attached to mvaginated areas of the ce 1 mem- 


Template 

I 



Fig 1 148 Bindinq bites dtul th(‘ trunhanisin of dc 
tion of DNA polymerase A dAFP moUH uie r nters the 
triphosphate sue and pairs with T This event tnqqers the 
nucleophilic attack of the 3' OH of the primer terminus 
on the innermost pyrophosphate bond of dATP A new 
phosphodiester bond will form and a new 3' OH primer 
terminus will appear A movement of the en/yrne relative 
to DNA will bring the triphosphate site* opposite to A of 
the template The polymer i/ation step will bi> reptMted 
with dTTP Note that the newly synthesized strand is 
antiparallel with the template strand Redrawn from 
Kornberg 1969 

hrane, the mc.sosnmcs IsoIatt‘d l)\z\ u4l 
membrane complexes from a DNA poi\nu‘iMse 
deficient mutant can cat ah /e t lie cont uur*it ion 
of semiconservative lepluuuion of hatienal or 
phage DNA, and the nite ol this reaction is 
comparable to rates of replication observed in 

VIVO 

DNA Ligase* This enzvine can }oui the 
3'-end with the 5' -end ot two DNAs with the 
formation of a phosphodiester bond This en 
zyme can also |oin the two ends ot a single 
stranded DNA to form a DNA circle The role 
of this enzyme m DNA replication is still 
uncertain However, the enzyme seems to par- 
ticipate m DNA repair processes as well as m 
the phenomenon ot recombination ot genes 
during crossing over 

Replication of Single Stranded DNA 

Molecules* The rephcatum of single stranded 
DNA molecules proceeds via the formation of a 
DNA duplex Phage <i> < 174 tor example 
possesses a single stranded circular DNA chro- 
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mosome, called the “ 4 -” strand Immediately 
after the “ + ” strand enters the host cell, it 
serves as a template for the synthesis of the 
complimentary strand This synthesis is 
carried out by the enzymes of the host cell The 
phage DNA is now double stranded “ -h - ” The 
“ + duplex IS called the replicative form 
The ” strand of the “ + - ” duplex serves as a 
template for the synthesis of “ + ” strands This 
phase of the life cycle of phage is carried out by 
a specific enzyme coded for by a phage gene 
The exclusive selection of the strand as a 
template probably occurs because that strand 
contains specific base sequences which act as a 
signal and are recognized by the enzyme It is 
notable that recently Goulian, et al (1967) 
achieved the remarkable feat of enzymatically 
synthesizing a biologically active 0 x 174 in a 
test tube 

CONTROL OF DNA REPLICATION 

DNA replication is an extremely complex 
process which requiies and is under the control 
of a number of genes Thus, about 20 genes are 
involved for the replication of the relatively 
simple T4-phage Initiation of replication is 
dependent on protein biosynthesis It appears 
that certain protein(s) called initiation pro- 
tem(s) act on a unique starting signal on DNA 
to begin a round of replication Thus, DNA 


itself, through specific genes, controls its own 
rate of replication 

Stryctur©. Syeithesis. and Fynction of 
RWA 

A given DNA molecule contains several 
genes According to accumulated genetic evi- 
dence, one gene codes for amino acid sequences 
of one polypeptide, and, therefore, we must as- 
sume that only one of the two DNA strands of 
the gene carries the genetic information Al- 
though DNA carries the genetic information, 
DNA itself is not the template on which pro- 
teins are synthesized Instead, DNA serves as 
a template for the synthesis of RNA by the en- 
zyme, RNA polymerase This process is called 
transcription Only one strand of a gene is 
transcribed, that which carries the genetic 
information The RNA strand that is thus 
synthesized then serves as template for the 
synthesis of the protein {translation) The 
above statements can be summarized as fol- 
lows 

DNA Proteins 

RNA STRUCTURE 

The building blocks of RNA are the mononu- 
cleotides adenosine monophosphate (AMP), 
guanine monophosphate (GMP), cytosine 


no 

template 


^ template 


A=TH 

hT=A 
hT=A- 
C=G-| 
-A=T-1 
-G=C 
-A=T 
T=AH 
l-A=T- 

/ 


no -4 
template 


I I I I I I ' in I " 'I ' 1 r r"T T ~ r~T 

GACCATTCGCATAATGC 
II II II II II II II II II II II II II 
TAAGCGTATTACGAAATCGAA 
I I I I I I I I I I I I I I I I I 1 


template 


B 




-^3 


n- r i -T T" X 'I I' T" I ' I I" I" I f i "-— — ----- 

gaccattcgcataatgctttagctt 

II II II II II II II II II II II II II II II II II II II II II It II II It 

ctggtaagcgtattacgaaatcgaa 

I I 1 I I I I I I I I I I I I I I I I I I 

/ . _/ 




Fig 1 149 A complete linear duplex A is inert for replication by DNA polymerase because there is no template 
from which the enzyme can get instructions In contrast DNA molecules of the type depicted in B are excellent primer- 
templates for the polymerase 
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monophosphate (CMP), and undine mono- 
phosphate (UMP) Note that in RNA undine is 
found instead of thymine The fundamental 
units, the mononucleotides, are linked to one 
another with 3',5'-phosphodiester bonds Thus 
in RNA as in DNA the covalent backbone is 
made of alternating nbose and phosphate 
groups To this backbone the purine and pyri- 
midine bases are attached as side-chains (Fig 
1 151) RNA is usually single stranded In some 
cases RNA occurs in a form of two complemen- 
tary strands which form a double helix In a 
duplex RNA the number of adenine residues is 


equal to the number of undine residues, or A == 
U Similarly G - C and, therefore, A -f- G - C 
-h U This composition can be explained if one 
assumes a Watson-Cnck model foi RNA in 
which the bases of one RNA strand are paired 
by hydrogen bonds to the bases of the other 
strand As in the case of DNA, only certain 
base pairs can be accommodated within the 
RNA duplex, these are A - U and G -- C 

RNA BIOSYNTHESIS 

The biosynthesis of RNA is effected by the 
enzyme RNA polymerase For this synthesis, 



Fig 1 151 Structure of a portion of an RNA chain with hypothetical base sequence 5' to 3' cytosme-adenine 
uridine-uridine-guanine 
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the enzvme takes instiuctions from a DNA 
template The reaction catalysed is the tollow- 


mg 




n,ATP 



"n,AMFb 

n^GTP 

ON V M(r' * 

F n/\ nu 

(n,GMP) 

n ,CTP 



(njCMP) 

n4UTP 



_^n,UMP2_ 


+ (m 1 

1 

1 ndPP 



P\ nipliosph itas( 


2(ni 

1 t n 
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For each phosphodiester bcmd svnthesi/ed, a 
pyrophosphate bond is broken and a pviophos- 
phate ^roup is released This reaction also has a 
slightly positive tiee energv' The splitting ol 
the high energy bond ot pyrophosphate by the 
pyrophosphatase leleases additional eneigv 
and ensures that the reaction is driven toward 
the direction ot RNA synthesis The reaction 
requires all tour ribonucleoside-5-t riphos- 
phates, as well as DNA to function as a 
template The 5 '-diphosphates and 5 '-mono- 
phosphates ot nbonucleosides cannot substi- 
tute tor the ribonucleoside 5’-triphosphates 
Bacterial RNA polymerase is composed ot 
protein subunits Five major subunits have 
been identified and designated as 13', 0, a, w, 
and (T These subunits aggregate specifically 
with secondary bonds to form the complete 
enzyme or holoenzyme 13'^ a^oja (MW 470,000) 
Removal ot a (sif^ma factor) from the holoen- 
zyme by column chromatography on phos- 
phocellulose leads to the isolation ot the a 
aggregate or core enzyme The core enzyme 
catalyzes the formation of the internucleotide 
phosphodie|ter bonds equally well as the holo- 
enzyme Recent evidence suggests that the in 
vitro synthesis of RNA by the RNA polym- 
erase, proceeds with the following steps 1) 
template binding, 2) chain initiation, 3) chain 
elongation, and 4) chain termination As noted 
above, only one strand of the DNA-duplex is 
transcribed in vivo, the strand that carries the 
genetic information Recent studies m vitro 
show that the holoenzyme also selects and 
transcribes only one strand In contrast, the 
core enzyme shows no strand selectivity with a 
variety of DNA templates Strand selection 
and binding of RNA polymerase to DNA tem- 
plate are effected through start signals (specific 
base sequences along the DNA molecule), such 
signals are recognized by the sigma factor 


Oik e the RNA polvnieiase is hound to DN4 
template initiation ol HN‘\ s\nthesis appears 
to involve the binding oi tivo Y tiiphosphonu 
(leotides to the tm/v me This is tolioweci bv 
toimation ot a phosphodn^sttn bcnid and elinii 
nation ot pMophospliat iUiouiing to the leac 
tion 

ppp’ A' } ppp’ O' i>pp \p(l'' 

RNA chains si ait eitliin with ppp \ or pppCl 
when phage I)\As are used as templates 
Elongation ot the initiated c Inun proceeds 
toward the diiection Y » \ niuleotide 

n'-t nphosphate enteis tlu‘ appropnat(‘ c*n/\ me 
site and is oiienttvi so that it can be* biought 
into dnect c‘ontact <ind torni a base* p<ur with 
the template (Fig 1 la2) When the conett 
base pan is toimed, a niudeophilu att«u‘k bv 
the d'-hvdro\\l end ol the H\A chain to the 
innermost phosphate takes pkicc* and a phos 
phodiester bond is tonned I'htis tiu* polvrnen- 
zation reaction proceeds bv the* addition ot 
5'-triphosphates to the 'V hvdiowi end ot the 
growing RNA c ham 'Fhe en/vine adds httoIOt) 
nucleotide units per sec 'The pairing rules are 
Auna pans wath Uknv, 'Funv pans with Ahna, 
(li)NA pans with (’hn\, and (’nw pans with 
Grna At some point oi the elongation process 
m vitro the a tactoi is relcMscai troni the 
polymerase and the remaining coie en/vme 
continues the polvmen/at ion 11ns observ at ion 
led to the proposal ot the* "srgma iVile'' 
According to this postul<ite, the leltmsed cr 
factor combines with another (cme en/vme and 
initiates another round ot transcription I’hus, 
the (T factor may he critical m the regulation of 
the transcription procc^ss although, it is not 
known at the presemt time it the ndease of 
bigma factor also occurs m vivo {See s<*ct icm on 
regulation ot gene activity below ) 

Once the strand selection is m<ide, RNA 
polymerase moves quicklv along the DNA mol- 
ecule, separating the two strands over a short 
local region and utilizing one strand as a 
template The RNA as it is synthesized forms a 
transient hybrid duplex with its DNA tem- 
plate As the transcription of a region oi the 
template is finishing, and the enzyme moves 
out of this region, the separated DNA strands 
come back together and form the original 
duplex with concomitant expulsion ot the RNA 
from the hybrid duplex The expulsion of the 
RNA strand by the DNA strand occurs because 
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DNA-DNA duplexes are energetically more 
stable than DNA-RNA duplexes 

Specific sequences of DNA {stop signals) 
induce the termination of the polymerization 



Fig 1 152 Schematic representation of DNA tran- 
scription by RNA polymerase The sigma factor of polym- 
erase recognizes the start signal on DNA and the 
enzyme binds to template Binding at the start signal 
leads to opening of DNA strands over a short local region 
This IS followed by binding on the enzyme of ATP and 
GTP and formation of the first phosphodiester bond (initi- 
ation) This yields the dinucleotide pppApG Initiation is 
followed by elongation A UTP molecule enters the ap- 
propriate site and pairs with A This event triggers the 
attack of 3'-OH on the innermost pyrophosphate bond 
of UTP A new phosphodiester bond will form and a new 
3'-OH primer terminus will appear A movement of the 
enzyme relative to DNA will bring the triphosphate site 
opposite to C of the template The polymerization steps 
will be repeated again and again until a stop signal on 
DNA or a P-factor will induce the termination of the tran- 
scription process 


process Another termination mechanism in- 
volves the protein factor p The mechanism by 
which factor p triggers termination of RNA 
synthesis is not yet known 

Recent studies on RNA polymerases from 
eucaryotic cells reveal a variety of molecular 
forms of the enzyme These forms have been 
designated as RNA polymerase I, II, III, and 
IV RNA polymerase I is found m the nu- 
cleolus, II and III in the nucleoplasm, and IV in 
the mitochondria RNA polymerase I has a 
molecular weight in the range of 500,000 to 
700,000, and this suggests that the enzyme 
most probably consists of subunits Similarly, 
RNA polymerase II (MW about 700,000) con- 
sists of several subunits Studies on the protein 
subunits of eucaryotic polymerases will proba- 
bly reveal the existence of factors analogous to 
bacterial sigma factor through which template 
strand selection is effected 

Inhibition of RNA Biosynthesis. 

Actinomycin D, a peptide antibiotic, selec- 
tively inhibits DNA dependent RNA synthesis 
This inhibition is exerted in intact animals and 
cell cultures, as well as with purified enzyme 
systems, in vitro The observed inhibition is due 
to the bmdfng of the antibiotic to DNA through 
hydrogen bonds This binding, because of ster- 
eochemical reasons, takes place between the 
phenoxazme ring of actinomycin and guanine 
residues in the minor groove of DNA As a 
result, the peptide chains of the antibiotic fill 
the minor groove of DNA and sterically pro- 
hibit the RNA polymerase from transcribing 
DNA 

Rifamycm is another antibiotic which inhib- 
its RNA biosynthesis Rifamycm binds specifi- 
cally to the /5-subunit of RNA polymerase and 
produces a block in RNA chain initiation The 
antibiotic streptolydigin inhibits RNA synthe- 
sis by blocking the chain elongation process 
Finally, the toxin a-amanitm reacts specifi- 
cally with eucaryotic RNA polymerase 11 and 
blocks RNA synthesis 

RNA Replicases (RNA-de pendent RNA 
polymerases) RNA replicases are the enzymes 
of replication of the RNA viruses The enzymes 
are coded by viral genes and catalyze the 
formation of RNA strands from the ribonucleo- 
side-5'-triphosphates on RNA templates, thus 
they are referred to as the name RNA depend- 
ent-RNA polymerases 

The replicases are usually formed immedi- 



1-172 


C E iM £ Pi A I f H Y S . wi § O ^ A 


Section 1 


atei\ after the infection of a ceil l)v an RN\ 
vnus A rephcase is highly specific foi the RN\ 
virus by which it is coded Onl\ this % nal RN A 
serves as a template for the en/\nie, the 
specificity IS due to specific nucleotide se- 
quences of the RNA which aie recognized b\ 
the enzyme 

Recent studies have uncovered vet anothei 
enzyme, the RNA-dependent DNA polvmerase 
01 reverse 1 1 anscriptase This en/vine i atal\ zes 
the synthesis ot DNA on RNA templates The 
precise role of this enz\me is not vet known 

THE VARIOUS RNA CLASSES AND THEIR 
FUNCTION 

Messenger RNA (mRNA) In 1961 dacob 
and Monod introduced the messengei RNA 
hypothesis They proposed that genetic mes- 
sages ot DNA are transcribed fait hf Lilly into 
messenger RNA whose function is to cairy the 
information to the site of protein synthesis and 
seive as a direct template lor that synthesis 
Since then the existence ot mRNA has been 
verified experimentally The mRNAs are, 
therefore, the transcription products ot genes 
An mRNA can contain the complete message of 
one gene coding tor one polypeptide chain or of 
several genes coding tor several polypeptide 
chains In the latter case, the mRNA is called 
polygenic or polycistronic The mRNAs repre- 
sent an heterogeneous population ot RNA 
molecules ot different chain length This heter- 
ogeneity IS expected since the various mRNAs 
are the templates of different proteins To 
separate and identify a specific messenger 
RNA IS an extremely dilficult task because of 
the heterogeneity of mRNAs and because 
mRNAs constitute less than 1% of the total 
cellular RNA However, certain messengers 
such as the mRNAs coding for chains of hemo- 
globin and various viral mRNAs have been 
successfully isolated 

Ribosomes and Ribosomal RNA. Cell frac- 
tionation of liver tissue obtained from rats 
mjected with radioactive amino acids enabled 
Zamechmk (1960) to identify the intracellular 
site of protein synthesis It was found that 
protein synthesis is associated with the cellular 
fraction of microsomes (Fig 1 153) Moreover, 
incubation ot microsomes in vitro, m the pres- 
ence of the cytoplasmic soluble fraction (cyto- 
sol), ATP, GTP, and labeled ammo acids, 
results in ammo acid incorporation into pro- 
teins This in vitro system constitutes a cell 


free svs/(‘m toi protein sNuthesis I UMtment of 
miciosonu's with sotlium di'owi holate yields 
riboniR leopiotein paitules the ribosomes, 
which can be isolated h\ t eiit iitugat ion Most 
ot the ribosomes iii th(‘ cauarxotu cell are 
<itt ached to the endoplasinu tetuulum, al 
though some aie tree in tlu‘ t\toplasni (Fig 
I 154) Ribosomal {irepiuatious ian substitute 
foi mu losomes m the c eil t u'e s\ stain ot protein 
synthesis ActualK nbosonu's l)\ iheinseUes 
cannot sup[)oit piotein synthesis, indeed the 
actiye units of piotcnn synthesis in nhosonial 
pre{)ai*it ions aie aggu^gatesot iibosonies Ciilled 
po/vsomes Polysomes aie toinnui fiom the 
specitu assmiation of *1 inKNA luolicule with 
ribosomes 

A nbosonie cainsists ot two suhumts, one is 
huge and <)nc‘ small Hacteual nbnsonies have a 
sediment at ion value ol 79S (S\t‘dherg units) 
and then subunits Inue \alues ot 50S .ind 3()S 
Eukaryotic ribosomes h.ive a sedimentation 
constant of 80S and their subunits have* v«ilues 
of 60S and lOS Ribosomes, suspended m 
buffers eont<unmg less than 10 ‘ M Mg* , 
dissociate into then subunits, laismg the Mg' ' 
(‘oment ration to a 10 * m causes the suhumts 
to associate again into functional ribosomes 
Dissoc'iation and tissocmtion ot ribosomes and 
then subunits also occurs in vno in <issociation 
with the piocess of protein syntlusis, and 
involves special factors {see chap a) The 


Uver Cell homogenate 

I 

cenfn/uge —600g X lOmin 


Nuclei*^ "'^pernafant fraction 
fbiso unbroken\ | 

cell'U« j 


Mitochondria' 

and 

Lysosomes 


"^SuPjernatant fraction 
centrifuge 104, OCX) g X &Om/n 


Micros0mes*^ ^^oluble froction 

I of cytoplasm 

Sodium deoxychohte 

centrifuge — t04f000g X 120 mm 

\ 

Ribosomes 


Fig 1 153 Fractionation of liver cells by differential 
centrifugation Cells are homogenized in isotonic sucrose 
buffers pH 7 4 containing Na"l”, K'*", and For the 

isolation of ' active" microsomes or ribosomes all opera- 
tions must be performed at 0 2® 
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Fig 1 154 Electron micrograph of a section of rat 
liver cell Most of the ribosomes are attached to the 
endoplasmic reticulum and some are free in the cyto- 
plasm 

ribosomal subunits are composed of ribosomal 
RNA (rRNA) and proteins The 508 subunit 
consists of one molecule of 238 rRNA (MW 
1,200,000), one molecule of 58 rRNA and about 
35 different proteins The 308 subunit, consists 
of one molecule of 168 rRNA (MW 600,000) 
and 20 different proteins Under certain condi- 
tions, mixing of the separated proteins from the 
308 subunit together with 168 rRNA leads to 
reconstitution of biologically active 308 subu- 


nits (Nomura, 1973) This demonstrates that 
the complex 308 subunit structure (and most 
probably the ribosome itself) represents a self 
assembling system, in which the various com- 
ponents bind to one another m some specific 
manner and assume the proper conformation 
The rRNAs from subunits of eukaryotic ribo- 
somes have sedimentation values of 288, 188, 
and 58 

The ribosomal RNAs are synthesized on 
DNA templates A ribosomal gene codes both 
the 238 (288) and 168 (188) rRNAs In a given 
cell there are seveial copies of the ribosomal 
genes In fact the number of ribosomal genes 
mcreases from bacteria to insects, to mam- 
mals, to amphibians, this increase roughly 
parallels the observed increase of DNA per cell 
from species to species For example, myco- 
plasma possesses a single ribosomal gene, and 
bacteria have from 5 to 10 In eukaryotic cells 
the number increases tremendously reaching 
tens of thousands m some amphibians which 
possess the highest amount of DNA per cell 
The ribosomal genes of eukaryotes are serially 
repeated and clustered m one locus in the 
nucleolar DNA Hybridization experiments 
show extensive cross reaction of bacterial ribo- 
somal RNA with DNAs from eukaryotic cells 
This constitutes evidence that ribosomal genes 
were conserved to a large extent over the course 
of evolution 

The large number of ribosomal genes is most 
probably necessary to provide sufficient tem- 
plate to satisfy the demand for ribosomes In 
eukaryotic cells, ribosomal genes are tran- 
scribed to give a precursor RNA (458) which 
undergoes specific cleavages to yield both the 
288 and the 188 rRNA 

Transfer RNA (tRNA) and the Acti- 
vation of Amino Acids There are many 
tRNAs in a cell These tRNAs bind covalently 
with the various ammo acids, and then partici- 
pate in the process of protein synthesis A given 
tRNA IS specific for a given ammo acid The 
tRNAs have a MW of about 25,000 Each tRNA 
IS composed of a single chain of approximately 
80 nucleotides, covalently linked, with many 
hydrogen bonded base pairs This base pairing 
causes the chain to form several loops 

Elucidation of the primary structure of yeast 
alanine tRNA was achieved m 1965 by Holley 
and his colleagues Since then other tRNAs 
from various species have also been sequenced 
When tRNA sequences are written m a way 
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that produces the highest number ot base pans, 
a 'cloverleaf’ toim appears (Fig 1 155) This 
cloverlead form consists ot tour ‘loops”, one ot 
which contains the anticodon site (see below 
“Genetic Code”) All tRNAs terminate at the 
3'-end with the — CCA sequence This is the 
site ot ammo acid attachment 

The tRNAs contain in then stiucture man\ 
unusual bases, the precise role ot which is not 
yet known The three-dimensional stiuctuie ot 
tRNA has not yet elucidated Hovvevei, now 
that tRNAs have been obtained in cr\stalline 
form, the elucidation ot their conlormation 
through x-rav cystallographv appeals teasible 
The various tRNAs are coded bv specific genes 
and, theretoie, are synthesized on DNA tem- 
plates 

Since the naturalK occurring ammo acids m 
proteins are 20, there must be at least 20 kinds 
ot tRNA molecules i\ctually there ate moie 
than 20 (see section on degeneracy ot the 
genetic code) A transfer RNA binds the appro- 
priate ammo acid with a single covalent bond 
This reaction is catalyzed by specific amino 
acyl synthetases as follows 


ATP 


OH 


Enzyme + RCj^HC^ 
NH, 


( 1 ) 


Enzyme 


^0 ~ AMP 1 
RCHC:^ 

I 

NH, 




(2) tRNA 




2P. 


0 ~ tRNA 

T\ 

NH, ^ 


-f- Enzyme -p AMP 


The reaction proceeds in two steps In the first 
step ATP and the ammo acid react on the 
catalytic site of the enzyme to give the enzyme 
bound intermediate ammo acid ~ AMP Dur- 
ing this reaction a high energy pyrophosphate 
bond IS broken and a high energy anhydride 


Amino acid'^ ^ 
attachment ^ / 

site 3 

6 



Fig 1 1 55 Stdncidrd ortentation of a tRNA in the 
cloverleaf form 


linkage is formed In the setond step the 
ammo acyl giou]:) is tianstein‘d fiom AMP to 
the 3'-OH end ol tHN^ 'The estei linkage 
between the ammo acid and tRN \ is a high 
energ\ bond The splitting ot the high energ\ 
bond ot pyrophosphate by the \)\ rophosplmt ase 
releases additional energ\ 'Fhis event ensures 
that the amino acid <ict nation reaction is 
driven to completion 'Fhe presentee of Mg ‘ in 
the leaction is an absolute lequirenu^nt Each 
ammo acid is activated b\ a specitic ammo acyl 
synthetase Almost all the synthetases ha\e 
been isolated and all possess one or more —SH 
group which is essential tor catalytic activity 
All synthetases have a moleculai weight ot 
about 100, 000 with the exception ot phcmylala 
nine amino acyl synthetase which has about 
180,000 

The synthetases must possess at least three 
binding sites, a) specific site tor the ammo 
acid, b) specific site for tRNA, and c) site foi 
ATP Obviously, each tRNA must also possess 
an enzvme recognition site This site has not 
yet been identified and located in the cloverleaf 
form of sequenced tRNAs, although it is sus- 
pected to be in the area of loop I (Fig 1 155) 
The very high specificity of the enzyme for a 
particular ammo acid and its appropriate 
tRNA makes it very unlikely m vivo (p < 



Chapter 7 


Nuclei Aads and Gene Activity 1-1 75 


0 0001) that a tRNA could be charged with the 
“wrong” ammo acid 


In as much as the genetic information for 
ordering ammo acids m polypeptide chains, is 
stored m DNA in the form of base sequences, a 
relationship between bases and ammo acids 
must exist Since there are only four bases and 
twenty ammo acids, a one-to-one or even 
two-to-one correspondence between bases and 
ammo acids is not possible A three-to-one 
correspondence on the other hand yields 64 
base triplets to code for 20 ammo acids This 
constitutes a triplet code m which the three 
consecutive bases coding for one ammo acid 
constitute a codon Crick and his colleagues 
obtained evidence for such a triplet code from 
genetic experiments Pioneering work by Ni- 
renberg and his colleagues resulted m the 
complete elucidation of the code This feat was 
achieved experimentally by the use of artificial 
mRNAs, which permitted the complete assign- 
ment of codons to the various ammo acids 


ENZYMATIC SYNTHESIS OF 
POLYNUCLEOTIDES (ARTIFICIAL 
MESSENGERS) 

Synthetic polynucleotides can be obtained 
enzymatically with the use of the enzyme 
polynucleotide phosphorvlase This enzyme, 
found m bacteria, catalyzes the following reac- 
tion 


HiADP primer 

n2GDP Enyyme^ 

naCDP 

n,UDP 


RNAH 


Tamp) “ 

(GMP)„, 

(CMP)n^ 

(,UMP)„^ 


-F(ni -1- n2 + na -f n4)Pi 


The reaction requires the 5'-diphosphates of 
ribonucleosides, the enzyme cannot utilize the 
5'-diphosphates of deoxynucleosides In the 
reaction, a primer RNA strand furnishes the 
3 '-hydroxyl end of which the enzyme adds 
additional residues However, because the en- 
zyme does not utilize a template, the residues 
added do not follow a specific sequence pat- 
tern Using only undine 5' -diphosphate m the 
reaction, one obtains a polyuridylic acid prod- 
uct (poly U) By analogous means, one can 
prepare poly A, poly C, and poly G By using 


two of the diphosphonucleotides, for example 
5'-UDP and 5'-GDP, one can prepare mixed 
copolymers poly U, G The base composition of 
the copolymers reflects the ratio of the original 
concentrations of the UDP and GDP precur- 
sors Thus, if the original ratio was 5 1 UDP to 
GDP then the poly U,G copolymers contain 
five times more U residues than G 

ASSIGNMENT OF CODONS 

In 1961, Nirenberg and Matthaei discovered 
that incubation of poly U together with ribo- 
somes and the other factors of the cell free 
system for protein synthesis promotes the in- 
corporation of phenylalanine into protein 
Phenylalanine was the only ammo acid incor- 
porated out of 19 tested Further investigation 
revealed that the product formed was poly- 
phenylaianine Thus, it became apparent that 
poly U codes for phenylalanine and the codon 
UUU was tentatively assigned to this ammo 
acid From subsequent experiments with poly 
A and poly C, the codon AAA was assigned to 
lysme and the codon CCC to proline This line 
of experimentation was pursued with mixed 
copolymers such as poly U,G Poly U,G con- 
tains the following eight codons UUU, UUG, 
UGU, GUU, UGG, GUG, GGU, and GGG The 
relative frequencies of occurrence of these co- 
dons can be calculated because it depends on 
the U G ratio Thus, m a poly U,G (5 1) the 
relative frequencies of occurrence are UUU = 
100, (UUG, UGU, GUU) = 20, (UGG, GUG, 
GGU) = 4, and GGG = 08 Poly U, G (5 1) as 
expected promotes the incorporation of several 
ammo acids m a cell free system The ammo 
acids and their relative amount of incorpora- 
tion were found to be phenylalanine = 100, 
valine = 20, cysteine = 20, leucine = 20, 
glycine = 4, and tryptophan = 4 It appears 
then that the codon for phenylalanine is UUU, 
the codon for valine, cysteine, and leucine is 
U 2 G and the codon for glycine and tryptophan 
IS UG 2 

Such experiments with mixed copolymers 
permitted the determination of composition of 
the codon of several ammo acids but did not 
allow the deduction of the sequences of the 
different nucleotides within the assigned co- 
dons Thus, there is not way to tell whether the 
codon for valine which has a composition of 
U 2 G IS UUG, UGU, or GUU Determination of 
the nucleotide sequences of codons was 
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achieved with the aid of the binding assav 
of Nirenberg and Leder (see Nirenberg, 1968) 
The assay rests on the specific binding of an 
ammo acyl-tRNA on the mRNA-ribosome 
complex Thus poly U mixed with iibosomes 
binds only phenylalanyl-tRNA More impor- 
tant was the finding that instead of poly LI, one 
can use the trinucleotide UpHpUp and still 
observe specific binding The use of the dssa> 
with trinucleotides of known sequences re- 
sulted in the determination of the nude itide 
order m the codons ^hus, it was found that the 
trinucleotide GplJpLJp promotes valyl-tRNA 
binding, establishing that the codon for valine 
with the base composition U 2 G is actually 
GUU 

Development of techniques for the synthesis 
of polyribonucleotides of known sequences 
provided another tool for the study of the 
coding problem (Khorana, 1968) For example, 
the use of the synthetic messenger CpUpC p 
UpCpU p CpUpC containing the alternating 
codons cue and UCU was found to code for a 
polypeptide m which serine and leucine resi- 
dues alternate Thus, with the use of homo- 
polymers, mixed copolymers, copolymers of 


known secpiences, and tiinuc knit ides the ge- 
netic code was totalK deciphered (Table 1 13) 

The genetic code is degenerate, i e , there is 
more than one codon assigned to one ammo 
acid Thus, UUII and UlIG are both assigned to 
phenvlalanme and the codons GUI) GUC, 
GUA, and GU(i aie assigned to \ aline Degen- 
eracy m the case ot the phen\lalanine and 
valine codons invokes the third base This t\pe 
of degeneracy is the most frecpient Some 
ammo acids have codons with identic ai bases 
in the fust two positions In all these i ases, the 
third position is tilled onlx bv purines or only 
by pyrimidines For example, asparagine is 
coded for bv AAU and AA(\ and hsine b\ AAA 
and AAG Note that in the case ot asp<ir«igine 
the third position is filled onlv hv the pyrimi- 
dines, U or C, whereas in the cvise ol lysine the 
third position is filled onk b\ the purines, A or 
G 

SixtV“One out of (U codons ha\e been as 
signed to the twenty ammo acids while the 
remaining three UAA (ochre), UAG (amber), 
and UGA (umber) do not conespond to any 
ammo acid {nonsensp codons) The nonsense 
codons are signals for polypeptide chain 


Table 1 13 

Codon assignments for amino acids 



U 

C 

A 

G 


UUU Phe 

UCU Ser 

UAU Tyr 

UGU Cys 


UUC Phe 

UCC Ser 

UAC Tyr 

UGC Cvs 

u 

UUA Leu 

UCA Ser 

UAA Ochro 

UGA (Umber) 


UUG Leu 

UCG Ser 

UAG Amber 

UGG Trp 


CUU Leu 

ecu Pro 

CAU His 

CGU Arg 

c 

cue Leu 

CCC Pro 

CAC His 

CGC Arg 


CUA Leu 

CCA Pro 

CAA Gin 

CGA Arg 


CUG Leu 

CCG Pro 

CAG Gin 

CGG Arg 


AUU He 

ACU Thr 

AAU Asn 

AGU Ser 


AUC He 

ACC Thr 

AAC Asn 

AGC Ser 

A 

AUA He 

ACA Thr 

AAA Lys 

AGA Arg 


AUG Met 

ACG Thr 

AAG Lys 

AGG Arg 


GUU Val 

GCU Ala 

GAU Asp 

GGU Gly 


GUG Val 

GCC Ala 

GAG Asp 

GGC Gly 

G 





GUA Val 

GCA Ala 

GAA Asp 

GGA Gly 


GUG Val 

GCG Ala 

GAG Glu 

GGG Gly 
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termination From ail evidence to date, it 
appears that the genetic code is universal for all 
organisms 


RECOGNITION OF THE CODONS THE 
ANTICODON 

It IS now well established that the insertion of 
ammo acids into the growing polypeptide chain 
IS mediated through tRNA molecules Further- 
more, codon recognition is not effected by the 
ammo acid, but it rests with the tRNA This 
was proved elegantly with the following experi- 
ment Cysteine was charged enzymatically to 
the appropriate tRNA 


Cysteine + ATP -h tRNA cyst 


Ammo acyl 
Synthetase 


Cysteinyl - tRNAcyst + AMP 4 - PP 


The cysteinyl ~ tRNAcyst was then trans- 
formed by reduction, to alanyl - tRNAcyst 
Thus, an activated alanine was produced in 
attachment to the tRNA for cysteine Cell free 
systems from reticulocytes incorporate ammo 
acids into the hemoglobin chains Use of alanyl 
-tRNAcyst in such a system afforded the isola- 
tion of hemoglobin chains having alanine in the 
positions regularly occupied by cysteine The 
implication of this experiment is that the 
specificity of codon recognition of the amino 
acyl tRNA is in the tRNA, and if a tRNA 
molecule is charged with the “wrong” ammo 
acid, thi^ will produce translational “errors ” 
Essentially, these kinds of error do not occur 
m VIVO because there is a high degree of 
specificity of the ammo acid activation reac- 
tion 

Recognition of the codons is effected by the 
anticodons on the tRNA molecules, these an- 
ticodons are composed of three nucleotides 
The recognition was originally thought to be 
through regular Watson-Crick base pairs 
formed by the interaction of a codon with its 
anticodon This concept, which requires a spe- 
cific anticodon for each of the sixty-one codons 
and, therefore, a specific tRNA for each codon, 
was not substantiated experimentally for it was 
found that a tRNA could recognize more than 
one codon To explain these observations, the 
“wobble hypothesis” has been introduced Ac- 
cording to this hypothesis, the codon-anticodon 
interaction involves hydrogen bond formation 
due to base pairing Starting from the 3'- of the 


Table 1 14 

Painng rules at the wobble position (Crick 1966) 


Nucleotide at the 
“Wobble” Position 
of the Anticodon 
(5'-end) 

Nucleotide at the Third 
Position of the Codon 
(3'-end) 

Adenine 

Uracil 

Guanine 

Uracil or Cytosine 

Uracil 

Adenine or Guanine 

Cytosine 

Guanine 

Inosine 

Adenine, Uracil, or 
Cytosine 


anticodon, the first two nucleotides form regu- 
lar Watson-Crick type base pairs with the two 
nucleotides of the codon starting from the 5'- 
The third nucleotide at the 5'- end of the 
anticodon has more freedom of movement and 
thus pairing is not necessarily confined to the 
known pairing rules (Table 1 14) Thus, the two 
codons of tyrosine, UAU and UAC, are both 
recognized by one tRNA bearing the anticodon 
^'AUG®' The “wobble” at the third position 
permits G of the anticodon to pair with either C 
or U (Fig 1 156) 

In many cases the third base of the anticodon 
is found to be Inosine (I) 


0 


C N 
/ \/ V 
HN II \ 


■| 

HQ 




CH 


Inosine 


The “wobble” hypothesis predicts that I 
could pair with A, U, or C Thus, three of 
the four codons of valine, GUA, GUU, and 
GUC are recognized by one tRNA bearing the 
anticodon 'CAI (Fig 1 157) 

Support in favor of the “wobble” concept has 
steadily accumulated with the elucidation of 
sequences of more and more tRNAs and iden- 
tification of their anticodons Up to now more 
than 12 anticodons have been identified, none 
of which contradicts the “wobble” concept 

GENETIC EVIDENCE FOR THE CODE 

Single amino acid changes in proteins result 
from a mutation involving change of one nu- 
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cleotide within one codon Consider tor exam- 
ple the underlined single base changes in the 
tol lowing codons 

1 (Leu)CUU -UUU{Phe) 

2 (Ser) UCU -UUU(Phe) 

3 (Tyr)UAC -UUC(Phe) 

Replacement ot leucine by the phenylalanine 
was found to occur at position 10 of mutant- 
TMV protein Replacement of serine bv the 



Fig 1 156 Pairing of codon and anticodon in a dia 
gram that illustrates significance of wobble at the third 
position 
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phenylalanine was found to occin at position 
118 and 148 of mutant-TMV protein Finally 
replacement of tMosine h\ phenylalanine was 
found in position 85 of the /i-chain of an 
abnormal hemoglobin Fiom the catalogue of 
the assigned 54 codons FFable 112) it can be 
calc Lilated that the possible single base changes 
that can lead to anothei amino at id aie 78 Up 
to now, 54 ot these possible changes ha\e been 
identified in ammo acid leplacement data from 
vanous proteins 

Confirmation of the Code from Phage 
R17 RNA Sequences Ad\ antes in the bio- 
chemical technolog\ of nucleotide setpience 
determination procided the tool for the dra- 
matic elucidation of secpiences ot a \ iial RNA 
Sequence studies on the phagc's R17 and cire 
now in progtess 

The nucleotide seciuence of the gene tor the 
coat protein of Rl7 phage has been <ilieadv 
elucidated and affords direct (omp«irison with 
the known ammo at id sequent e oi that protein 
The tmdings are consistent with the toncept ot 
a triplet 'degenerate code In the setpierue ot 
the coat protein gene, 88 different codons were 
encountered, they code foi ammo acids in 
agreement with the previously destuibed as- 
signments 



Fig 1 157 Codon-anticodon pairing that illustrates three possible combinations at the third position based upon 
wobble 
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Fync^ooii of KM A m ’ProleiOD 
Boosynthesis 

The biosynthesis ot proteins on mRNA tem- 
plates IS an elaborate process during which the 
genetic message is faithfully translated into a 
polypeptide chain The direction of translation 
of mRNA IS from 5' 3' The synthesis of a 

polypeptide chain starts from the amino termi- 
nal end and proceeds toward the carboxyl 
terminal end Peptide biosynthesis appears to 
proceed in a series of steps These have been 
designated as 1) peptide chain initiation, 2) 
peptide chain elongation, and 3) peptide chain 
termination 

PEPTIDE CHAIN INITIATION 

The process of peptide chain initiation in 
bacteria involves formyl-methionyl-tRNAi. 
(F-met-tRNA[ ), ribosomal subunits, the initi- 
ation signal of mRNA, the initiation factors Fi, 
F 2 , F 3 , and GTP The majority, if not all, 
bacterial polypeptides are initiated with N-for~ 
myl-methionyl residues The formylation of 
methionine takes place after the formation of 
methionyl-tRNA There are two tRNAs for 
methionine, tRNAf. and tRNAM Methionyl- 
tRNAf can be formylated by transfer of a 
formyl residue from iV^‘^-formyl-tetrahydrofo- 
late to methionyl-tRNAf. 

Transformylase 
N ^ °'f ormy 1-tetrahy drof olate 

Methionyl-tRNAM cannot be formylated enzy- 
matically and its function is to insert methio- 
nine residues at internal positions m the poly- 
peptide chain 

Although peptide chain initiation starts with 
formyl-methionme, bacterial proteins isolated 
from the cells do not have this residue at the 
iV-terminus and frequently do not even start 
with methionine This occurs because the for- 
myl residue is removed by the specific enzyme, 
deformyl ase, after the peptide chain has been 
initiated Methionyl residues are cleaved by 
another specific enzyme not yet isolated 

Both the tRNAp and tRNA\i have been 
sequenced recently and both bear the same 
anticodon ^ UAC® This anticodon matches the 
methionine codon AUG which is the initiation 
codon Initiation begins with the formation of 
initiation complex The complex is formed by 
the 308 and 508 ribosome subunits, the 
mRNA, the F-met-tRNAp, three protein initia- 


tion factors Fi, F 2 , F3, and GTP as follows 


F 3 — 308 + mRNA y F 3 — 308— mRNA 

F, form\l met tRNAn 


F 2 — GTP“ ^ 

F 1 F 2 F 3 — 308— mRNA^ormyl-met-tRNAp 

50S 


F 2 F 3 — Ribosome 


+ GDP + P, 
-mRNA — f ormyl-met-tRN A p 


Factor F 3 is required for the binding of 30s 
subunit to mRNA, whereas factor F 1 promotes 
the binding of F-met-tRNAp to the initiation 
complex Factor F 2 catalyzes the cleavage of 
GTP to GDP and inorganic P m the presence of 
ribosomes 

Although met-tRNAM possesses the same 
anticodon as F-met-tRNAp, it does not bind 
to the initiation codon AUG, it binds to the 
AUG codon only when this codon specifies 
methionine residues within the polypeptide 
chain It appears then that the specificity for 
the binding at the initiation position lies with 
the initiation factors, especially Fi which in- 
teracts only with the F-met-tRNAp and not 
with the met-tRNAM Conversely, met-tRNAp 
(without the formyl group) does not participate 
in the peptide elongation process because it is 
discriminated by the Tu factor (see “elongation 
process”) 

After initiation, the direction of translation 
of mRNA IS from 5' 3' This does not mean 

that the initiation codon must be at the 5'- end 
Thus, the mRNA may possess, starting from 
the 5'- end, a number of nucleotides which 
precede the initiation codons Those immedi- 
ately preceding the initiation codon do not 
have any coding function but have an initiation 
function Indeed, this area may represent a 
'^sticky poinf for the attachment of the 308 
subunit as shown in Figure 1 158 In a poly- 
genic messenger there may be the picture 
showing in Figure 1 159 A 308 subunit may at- 
tach directly to ^'sticky point' ' next to protein 
B and initiate the translation of protein B, thus 
by passing protein A 


ELONGATION OF POLYPEPTIDE CHAINS 

At the completion of the initiation process a 
ribosome is properly registered with the 
mRNA, and the initiator F-met -tRNAf. is in 
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the peptidyl •^ite (“P”) oi the complex (Fig Tu factor does not bind to uncharged tRNAs, 

I 160A) The “P’' site is formed bv participa- F-met-tRNAi and met-tRNAi (detormyl- 

tion of the 30S and 50S subunits as well as the ated) Factois analogous to Tu exist also m 

initiation codon At that state of the initiation eukaryotic systems, foi example the amino 

the codon next to the initiation codon is a part acyl transferase I which has been isolated trom 

of the ammo acyl site P'A’b of the ribosomes liver tissue 

Site ‘‘A,” as site ‘T,” is formed bv participa- Step Two* Peptide Bond Formation In 
tion of the 30S and 50S subunits and the this step a peptide bond will be lormed be- 

mRNA codon which is next in line to be tween the amino group ot the incoming amino 

decoded (Fig 1 16()A) The subseciuent events acid and the activated carbowl terminal of 

which ultimately will lead to peptide bond F-methionine (Fig I and (b I’his reac- 

synthesis take place in three steps tion is cataly/ed by the en/\me peptidyl 

Step One Binding of the Ammo Acyl- transferase w^hich is an inte<"ral pait ot the 5^)8 

tRNA In that step, the proper ammo acyl- subunit 

tRNA enters and binds to the '‘A” site (Fig It appears that the en/vme has at least two 
1 160B) This binding is effected by a protein binding sites, a) a site tor all -CX'A termini of 

factor The factor isolated from E coli is the peptidyl-tRNAs, which is also the site of 

designated as Tu factor The Tu factor forms a the initiator-tRN A, and h) a second site tor the 

complex with amino acyl-tRNA and GTP Tu -CCA termini of the aa-tRNAs The first site is 

-h ammo acyl-tRNA -f GTP Tu-amino acvl- always filled bv peptidvl tRNAs except at 

tRNA-GTP The appropriate Tu complex binds initiation of protein synthesis w'hen it is tilled 

to the ‘■‘A” site to match the codon and by F-met-tRNAi Note also that in both cases 

immediately GTP breaks down to Gr3P and Pi (peptidyl or initiator tRNA) the a amino group 

which are released together with the binding of the ammo acid attached to the tRNA is not 

enzyme (Fig 1 1608) The same Tu factor free Therefore, one of the basic differences m 

binds apparently all ammo acyl-tRNAs The specificity between the two hmclmg sites ot the 

“sticky point" 

Site for 30 S 
attachment 

I 


I 



Initiation 

Codon 


Fig 1 158 Diagram to illustrate location of sticky point' for attachment of a 30 S subunit in region of nucleotides 
possessing an initiation function 
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enzyme is that the first site cannot, but the 
second site can bind an aa-tRNA with a free 
amino group It is via this specificity of the 
enzyme that one can reasonably explain the 
special need for an initiator tRNA with a 
blocked ( formyl ated)Q: ammo group After pep- 
tide bond formation the peptidyl-tRNA is at- 
tached to the “A” site of the ribosome-mRNA 
complex (Fig 1 160C) 

Step Three. Translocation. In this step the 
mam event is the translocation of the peptidyl- 
tRNA from the ‘"A” to the “P” site This event 
requires the translocation factor {translocase) 
and GTP During this step, a GTP molecule is 
cleaved to GDP and Pi At the end of this step 
the peptidyl tRNA is at the “P” site and the 
mRNA has moved (relative to the ribosome) by 
one codon (Fig 1 160D) The “A” site, oc- 
cupied now by the codon to be decoded next, is 
empty and ready to accept another ammo 
acyl-tRNA as m step one The translocase from 
E coll IS designated also as the G-factor and 


the enzyme from rat liver is designated as 
transferase II 

PEPTIDE CHAIN TERMINATION 

When the synthesis of a peptide chain is 
completed, the peptide is released from its 
attachment to the tRNA and to the ribosome- 
mRNA complex Cham termination is signaled 
by the nonsense codons UAG, UGA, and UAA 
The termination process is effected by the 
protein termination factors Ri and R 2 Factor 
Ri effects chain termination signaled by the 
UAA or UAG codon, whereas factor R 2 elicits 
the termination response with codons UAA and 
UGA 

INHIBITION OF PROTEIN SYNTHESIS BY 
ANTIBIOTICS 

Several antibiotics inhibit protein synthesis 
by interfering with steps of this process The 
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antibiotic chloramphenicol hinds to the pepti 
dvl transteiase and hindeis stenc allv the hind 
mg; ot the CCA tei minus ot a<i-tH\ \ to the 
en/vme The result is inhibit loii ot pe[)tide' 
bond iormation and consecpientK ot protein 
synthesis This antibiotic attects onl\ baetena 
ribosomes, not 8l)S eukarcotic ribosomes 

Spanom\iin binds also to peptidvl translei- 
ase in a site overlapping that ot the chloiann 
phemcol site, and therein inhibits piotem 
synthesis in an analogous mannei This antibi- 
otic affects both bactenal and eukaivotic iibo- 
somes 

Cvcloheximide (actidione) acts snnilaiK hut 
attects only eukai\otic SOS and not hacterml 
ribosomes 

Streptomycin has two etteits on protein 
synthesis a) it inhibits the peptide elongation 
process, and 6) it causes m rereading on ceitain 
codons Thus, tor example, the ant ihioti<‘ in- 
duces the misreading ot codon Ul'U ipheiula- 
lanme) to be read as AUU (isoleucine) The 
streptomycin effects on protein synthesis are 
due to the binding ot the antibiotic to the tUkS 
ribohomal subunit This binding oc c urs close to 
the ‘‘A’' site and alters the conformation ot the 
site This conformational alteration results not 
only in inhibition of protein synthesis hut also 
in misreading ot codons 
Streptomycin Resistance of certain bactenal 
strains is due to mutations at the streptomycin 
locus ot the genome These mutations cause 
changes m the dOS ribosomal subunits making 
them resistant to streptomycin As a result the 
effect of the antibiotic is greatly reduced ft has 
been recently demonstrated that the compo- 
nent controlled by the streptomycin locms is 
one of the proteins of the 30S subunit This 
protein is involved m the fidelity of translation 
of the genetic message These observations 
point out the fact that ribosomes participate m 
protein synthesis not only by providing the 
necessary surfaces for attachment and binding 
of the mRNA, tRNAs, and enzymes, but also 
by influencing the fidelity of translation 
Puromycm, another antibiotic, has a struc- 
ture similar to that of the terminal ammo 
acyl-AMP residue of ammo acyl tRNA It 
therefore binds to the peptidyl transferase next 
to the peptidyl tRNA The enzyme then cata- 
lyzes the formation of a peptide bond between 
the ammo group of puromycm and the ac- 
tivated carboxyl group of the peptidyl -tRNA 


IVptuKl 



H \ 


huunncun 


IVptidcl (’()\H IhunniMin tRNA 

The grovMug peptide is tlu‘ieh\ uT'.ised tiom 
the nhosome Thus puionmin eluils prema 
ture termination ot tlu‘ giouinc pt‘ptult‘ thain 
'Fhe in(ompk‘tt‘ poK pc'pt idc chain ends m a 
puioniM m lesidiu 

POLYRIBOSOMES 

Attei peptide c hiUn initiation the tiansla 
tion ol the genet u nu‘ssage piocecais with 
conioniitant inoMUiumt ot the mH\ \ lekitue 
to the nhosome As a u‘sult, the initiation end 
ol the mR\-\ becomes vacant and unuK to 
accept another nhosome* and so on This allows 
<i gi\(‘n mR\ \ to acHomodate sewmal nho 
sorties at the same time* Kac h nhosome t onsti 
tutos a condensing site through whicdi the 
mRNA molecule moves with sticcessivt* expo 
sure of codons and nl vvhu'h a pol\pt*ptide 
chain IS growing (Fig 1 Kil) Such nhosome 
mRNA aggregates have h(*en isolated and .ire 
called polynhohonu^s or pohsornes A polvnho 
some can contain ii l(‘w or mans nhosomes d'he 
number of nhosomes pt*i polv nhosome depends 
pnmanlv on the length ot tin* nH*ssengc*i R\*\ 
strand The longer the niHNA is, the more 
nhosomes can be aecomoda(c*d 'I'hus one 
mRNA strand functions as a template lot the 
synthesis ot several molecules ol a polypeptide 
chain at the same time Oliviouslv, at anv 
moment the molecules of the poh peptide being 
vsynthesized along the length of the mR\A are 
shortest near the initiation end, and ate c lose to 
completion neai the termination end (Fig 
1 161) Thus the polvnbohome arrangement 
increases the efficiency of utih/atmn ol the 
mRNA molecules A polyribosome I unctions 
continuously with ribosomes attaching at the 
initiation end and nhosomes leaving at the 
termination end (Fig 1161) The mRNA 
serves as a template until its breakdown by 
specific nucleases This breakdown begins at 
the initiating end of mRNA Thus, existing 
ribosomes on the messenger are not interfered 
with and the translation of the message is 
completed However, initiation of further polv- 
peptide chain assembly is prohibited 
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subunit 


POLYPEPTIDE MOLECULES 



Fig 1 161 Structure and function of a polyribosome (see text) 


ASSEMBLY OF POLYPEPTIDE CHAINS INTO 
PROTEINS 

If a gene controls the primary structure of a 
given polypeptide chain, and if the conforma- 
tion of the polypeptide chain, viz , its specific 
folding, IS determined by its amino acid se- 
quences (see also chap 5), obviously then the 
genetic control is extended not only to the 
primary structure of the polypeptide but also to 
its specific native functional conformation 
This folding takes place simultaneously with 
the synthesis of the polypeptide on the ribo- 
somes Some proteins consist of several chains 
(subunits), and the assembly of these subunits 
takes place after the completion of their syn- 
thesis On this theme there may be several 
variations, the most important of which are the 
following 

1) The protein consists of one polypeptide 
chain In this case the meaning of polypeptide 
and protein are synonymous 

2) The protein derives from the synthesized 
polypeptide chain by chemical modification of 
this chain For example, insulin derives from 
proinsulin by enzymatic cleavage (Fig 
1 162A) 

3) The protein consists of more than one 
polypeptide chain The assembly of the subu- 
nits to form the protein may be accomplished 
through covalent disulfide bonds as in the case 
of 7 -glob ulins (Fig 1 162B) Most of the time, 
however, the assembly of the subunits of a 
protein involves noncovalent forces (Fig 
1 162C) This is because the subunits “fit” so 
that their arrangement has minimum free en- 
ergy 

Very often a nonprotein moiety binds to the 
protein to give a functional unit For example. 


the enzyme tryptophan synthetase is a complex 
of pyridoxal phosphate and the protein (Fig 
1 162C) 

The Molecular Basis of Mutations 

Any alteration of the base sequence in a gene 
represents a mutation Such alterations are 
derived from transitions, transversions, dele- 
tions, or insertions of nucleotides within the 
base sequences of the gene These changes can 
occur spontaneously or can be induced by 
mutagenic agents such as x-rays, radioactivity, 
ultraviolet light, chemical mutagens, etc 

MUTATIONS DUE TO TRANSITIONS OR 
TRANSVERSIONS 

A transition is a change of one purine base 
into the other, or one pyrimidine base into the 
other, a trans version is a change of a purine 
base to a pyrimidine base and vice versa For 
example 

Transition A^G, C^T (U) 

Trans version A<r->C A<-->T (U) 

Transversion G<^T (U) 

The replacement of one nucleotide by another 
results in the change of one codon to another 
Such a change leads to one of the following 
three possibilities a) the codon produced still 
codes for the same amino acid (silent 
mutation), b) the codon produced codes for a 
different ammo acid (missense mutation), and 
c) the codon produced is a termination codon 
(nonsense mutation) In the case of missense 
mutation, the resulting ammo acid replace- 
ment could lead to a modification of the 
function of the protein or even complete loss of 
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INSULIN 


B 



J'- GLOBULIN 



TRYPTOPHAN 

SYNTHETASE 


Fig 1 162 Synthesis and assembly of proteins (see text) A conversion of proinsulin to insulin B d y globulin 
molecule consists of four subunits two heavy and two light These subunits are held together by t ovalent disulfide 
bridges C tryptophan synthetase This enzyme consists of two pairs of subunits A and B m addition a molecule of 
pyridoxal phosphate is bound to each B subunit The subunits are held together by noncovalent forces 


its activity In the case ot a nonsense mutation, 
the termination codon produced somewhere 
within the gene will trigger the premature 
termination ol the translation process and 
result m the formation of an incomplete poly- 
peptide chain 

The molecular mechanisms producing tran- 
sitions can be understood on the basis of 
improper base pairing In DNA, A pairs always 
with T, and G pairs with C This pairing occurs 
with the bases in the keto form The bases can 
undergo tautomerization from the keto to the 
enol form When the bases are in the enol state 
their pairing characteristics change Thus, for 
example adenine in the enol state could pair 
with cytosine Under physiological conditions, 
the keto form is predominant and tautomeriza- 
tion to the enol form is rare Watson and Crick 


(1953) suggested that spontaneous mutations 
might result from such tautomeru shifts The 
occurrence, ot course, of this type of spontane- 
ous mutations is extremely low Mutations due 
to improper pairing can be induced by chemi- 
cal mutagens such as 5-hromouracil (BU) and 
2-ammopurme (AP) These bcuse analogues, 
because of their structural similarity to the 
regular DNA bases, can be incorporated into 
DNA during replication The analogues, how- 
ever, undergo frequent tautomerization from 
the keto to the enol form, and thus BU tor 
example, could pair with either A or G In this 
manner BU may be correctly incorporated 
opposite A during DNA replication, but during 
some later round of replication may pair with G 
because of tautomerization Ultimately this 
will result in the replacement of an A^ pair by 
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a G-C pair as follows 

original 
A-T pair 
A G"C pair 
replaces the 
original A-T pair 
Transition 

Alternatively BU may be mistakenly incor- 
porated opposite G but in the next replication 
may pair correctly with A This will produce an 
A-T pair at a site formerly occupied by a G-C 
pair 

An A-T pair 
replaces the 
original G-C pair 
transition 
Original 
G-C pair 

Several other mutagens act by altering the 
bases chemically Monofunctional alkylating 
agents act by alkylation of bases Ethyl ethane- 
sulfonate for example alkylates guanine resi- 
dues at position 7 This alkylation increases the 
rate of tautomerization and causes G to pair 
occasionally with T Other agents, such as 
HNO 2 and hydroxyl amine, oxidatively deami- 
nate the bases and thus change their pairing 
properties For example, HNO 2 converts ade- 
nine to hypoxanthme which behaves like G, 
pairing with C The mechanisms responsible 
for the induction of transversion are not well 
understood However, transversions are known 
to occur spontaneously in phages Also many of 
the abnormal human hemoglobins involve 
ammo acid replacements which can be ex- 
plained by a single base transversion 

READING FRAME SHIFT MUTATIONS 
INSERTION OR DELETION 

These mutations result from insertion or 
deletion of one base Consider, for example, the 
following nucleotide sequence* AAA - AGU - 
CCA-UCA -G The codons of this segment 
are read as underlined If, however, a deletion 
of the A at position 4 occurred, the message 
read would then be aAA-GUC - CAU - CAG - 
Note that after codon AAA there is a change in 
the reading frame These kinds of mutations 
lead obviously to gross structural changes m 
the coded proteins Deletion of one nucleotide 
followed by insertion of one nucleotide m the 


same gene constitutes a double frame shift 
mutation Clearly, in the nucleotide segment 
between the deletion and insertion, the reading 
frame is still out of phase However, after the 
point of insertion, the reading frame is restored 
to the original Double frame shift mutations 
have been observed in the enzyme, lysozyme, of 
the T4 phage 

Original sequence -Lys-Ser-Pro-Ser-Leu-Asn-Ala 

Double frame -Lys-Val-His-His-Leu-Met-Ala 

shift-mutation | "j" 

deletion insertion 

Thus, deletion of one nucleotide from the codon 
for serine changes the reading frame up to 
asparagine Insertion of one nucleotide prior to 
the codon for alanine restores the reading 
frame 

Reading frame shift mutation can be pro- 
duced in phages by dyes of the acridine series 
(proflavin, 5-ammo-acridine) These dyes can 
intercalate noncovalently between the planar 
rings of the bases of DNA The intercalation 
produces a doubling of the distance between 
successive bases of DNA As a consequence, 
during replication an extra nucleotide may be 
incorporated to match the acridine molecule 
Thus, an extra nucleotide is inserted into the 
new strand Subsequent replication of the 
strand will result m a double strand with an 
extra base pair During replication a molecule 
of the dye could similarly interpose itself be- 
tween the bases of the growing chain m such a 
way that it matches a nucleotide of the tem- 
plate This can cause the replication enzyme to 
skip that nucleotide The result is, of course, 
deletion of one nucleotide Deletions and inser- 
tions could also arise by mispairing during 
crossing over and recombination of genes 

REVERSION AND SUPPRESSION 

True reversion of a mutation is due to a 
correction of the nucleotide change back to the 
original sequences Suppression of a mutation 
IS due to a new mutation, which compensates 
phenotypic ally for the original one There are 
two mam types of mutations causing suppres- 
sions, intragenic and extragenic Intragenic 
suppressions involve a mutation within the 
originally mutated gene, whereas extragenic 
suppression involves mutations in a different 
gene An intragenic suppression could involve 
an intracodon compensation This compensa- 
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turn could lead to an ammo acid le placement 
which IS less detrimental to the protein lunc- 
tum For example, mutational leplacement ol 
the glycine by arginine at position 210 in 
tryptophan synthetase ol E coli leads to an 
inactive enzyme Further intracodon mutation 
could result in substitution ol the aiginine h\ 
serine (or threonine) The en/\me is now hilK 
active, and thus there is compensation tor the 
eflect ol the original mutation 

210 



Intragenic suppression ol a reading Irame 
shift mutation can be compensated for by a 
second deletion or insertion which restores the 
reading frame except for the segment between 
the two mutations Finally, intragenic suppres- 
sion can involve a second ammo acud substitu- 
tion at some distance from the original change 
For example, the mutation Gly > Arg at 
position 210 of tryptophan synthetase results as 
we have seen in an inactive enzyme A new 
mutation Tyr -h- Cys at position 174 produces 
an active mutant enzyme 

1 Mutatioiiv 1 I 

210 Gly Arg Arg 


codon 

Su{)pr( ssiM 

Anticodon ('AUG’) ‘ AU£ ) 

tRN \-tvn)sme V— UA(1— -.V 

Theietoie, instead of premat ure termination 
of the translation process due to the AUG 
codon, the scnthesis of the pol\ pept ide contin- 
ues and a tcrosme is inserted in the growing 
poK peptide chain I'he change of the tRN A for 
tviosine raises the obvanis cpiestion ol how the 
tvrosine codons are continued to he read 
Ularilication ol that point came with the dis- 
cover v that two dillerent genes code lor two 
tvrosine tRN As which have the same <intico- 
(lon One ol the tv\o tviosini* tRN As {major) 
occurs m huge amounts compared to the other 
tHNA {minor) I'he suppression mut<ition oc- 
curs onlv in the minor tvrosine tRN A 

A nonsense suppression ol the UAG and 
UGA codons does not inter lere with the normal 
growth ol the tell, presumahlv because it does 
not prevent the regular poK peptide termma 
tion process When the sec|uerues lor the coat 
protein ol the RNA phage Rl7 were worked out, 
it was noted that termimition was sigruilled by 
two successive stop codons UAAUAG This 
observation prompted the specailatiou tlnit ter 
mination rnav be signalled bv two s/op vodons 
If this IS the ( ase, it may explain whv nonsense 
suppressions due to UA(i and U(iA codons 
have no ellect on reguhir chain tenmnatKrji 
Nonsense suppression ol the UAA tvpe inter- 
feres with cell growth Whether this mterler 
ence operates at the level of the normal termi- 
nation process is not known at the present 
time Suppressions of missense mutations have 
also been observed This tvpe of suppression 
again involves a mutant tENA 


174 Tvr 


I 


Suppressive 


Inactive Active 

Enzyme Enzyme 


Extragemc suppression involves mutation m 
the anticodon of a tRNA Nonsense mutations, 
for example, due to formation of the termina- 
tion codon, UAG, can be suppressed by a 
mutation in the gene coding for the tyrosine 
tRNA This mutation changes the anticodon of 
tRNA tyrosine from ^ AUG® to ® AUC®' The 
changed anticodon now matches the nonsense 


R@gylatiori of Gen# Activity 

Encoded m the genetic material r)f every 
organism is the information necessary tor the 
production ot each polypeptide chain (enzyme, 
structural protein, etc ) that will be needed at 
various stages of development and under vari- 
ous environmental conditions Even the chro- 
mosome of a relatively simple organism, the 
bacterium E coli, codes for 2000 to 4000 
different polypeptide chains, and mammalian 
chromosomes contain very much more infor- 
mation By regulating gene activity, a cell 
avoids a wasteful production of proteins, con- 
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fines its synthetic activity to the assembly of 
those proteins that are needed at a given time, 
and coordinates its metabolic activities in ac- 
cord with the external environment In fact, 
single genes or whole sets of genes can be 
“turned on and off” at the transcriptional level 
as required during differentiation or environ- 
mental changes Cells can also regulate the rate 
of gene transcription and exert certain controls 
at the level of translation Finally, the activity 
of the proteins themselves in the cell can be 
regulated by interaction with small molecules 
or by actual enzymatic modification The dis- 
cussion that follows IS primarily concerned 
with microbial systems of regulation of tran- 
scription, translation, and protein function It 
IS in these relatively simple systems that basic 
mechanisms have been most elaborately de- 
fined While problems of regulation in higher 
organisms will certainly involve a greater de- 
gree of complexity and additional factors, the 
fundamental concepts elucidated in microor- 
ganisms provide a foundation for approaching 
and ultimately solving such problems 

TRANSCRIPTIONAL CONTROLS 

Induction and Repression: The Operon 

Many enzymes, the constitutive enzymes, are 
produced by cells at all times The synthesis of 
other enzymes is under control, and they are 
said to be either inducible or repressible Re- 
pressible enzymes — those commonly involved 
in biosynthesis — are synthesized except when 
some specific substance (often the product of 
the metabolic pathway in which the enzyme 
functions) is present For example, production 
of the enzymes for tryptophan biosynthesis is 
“turned off” (repressed) by tryptophan 
Inducible enzymes, which are commonly cata- 
bolic enzymes, are not synthesized except when 
the inducer (often the substrate for the en- 
zyme) IS present For example, the enzyme 
/?-galactosidase which hydrolyzes lactose and 
other /3-galactosides is synthesized in response 
to the presence of such compounds m the 
medium In the absence of inducer, E coli cells 
contain only 1 to 10 units of ^d-galactosidase per 
mg of cell protein, whereas in the presence of 
inducer, the levels of this enzyme reach 10,000 
units per mg of protein This increase repre- 
sents de novo enzyme synthesis rather than 
activation of a pre-existing enzyme 


Jacob and Monod (1961) devised a general 
model to explain how the production of groups 
of enzymes that are related in function can be 
controlled coordmately The genes which code 
for functionally related enzymes, the structural 
genes, are often linked together on the chromo- 
some Structural genes for the three enzymes 
that are induced by lactose and other /3-galac- 
tosides, for example, are linked on the genome 
of E coll They are the 2 gene codes for 
(d-galactosidase, the y gene for a permease that 
facilitates entry of substrate into the cell, and 
the a gene for galactoside acetylase (Fig 1 163) 
Involved in the control of transcription of these 
three structural genes are two other genetic 
elements, the operator and the regulatory gene 
As shown in Figure 1 163, the structural genes 
are directly linked to the DNA segment of the 
operator The operator and its contiguous 
structural genes are controlled by the product 
of the regulatory gene The regulatory gene, the 
operatoi, and the linked structural genes con- 
stitute a unit of regulation called the operon 
The product of the regulatory gene is a protein 
called the repressor The repressor is produced 
continuously by the regulatory gene and binds 
to the operator This turns off transcription of 
the structural genes of the operon (Fig 
1 163A) When a /3-galactoside (inducer) is 
present, a complex between the inducer and 
repressor molecules is formed The repressor no 
longer binds to the operator, and transcription 
of the structural genes can then occur (Fig 
1 163B) These controls bring about the synthe- 
sis of the enzymatic machinery for lactose 
metabolism only when actually needed, 1 e , in 
the presence of lactose 

Among the many kinds of evidence for the 
Jacob-Monod “Operon Theory” is that ob- 
tained from the study of mutants As the model 
predicts, certain mutations m the regulatory 
gene or in the operator region lead to constitu- 
tive production of the enzymes of the operon 
For example, a mutation in the regulatory gene 
could result in mutant repressor molecules that 
can no longer bind to the operator Such a 
mutant would have a free operator and hence 
be able to transcribe the operon even m the 
absence of inducer (Fig 1 164) Recently, cru- 
cial evidence m support of the operon model 
was provided by the purification of the repres- 
sor protein for several operons, including that 
for the lactose operon by Gilbert and Muller- 
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Fig 1 163 The lactose operon of E coh m the absence and presence of mducer (see text) A tnclucer libsent In 
this case the repressor binds to the operator and as a result the transcription of the structural genes is blocked 6, tn 
ducer present In this case the inducer binds to the repressor rendering it inactive As a result ttie structural genes are 
open for transcription 
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Fig 1 164 Effect of a mutation in the regulatory gene on the function of the lactose operon in E coh The mutant 
repressor cannot bind to the operator and as a consequence the system is open for transcription at all times 


Hill (1966) As predicted, the repressor has 
binding sites for both DNA and mducer More- 
over, purified repressor inhibits the transcrip- 
tion of the lactose operon in an in vitro system 


The operon model can be used to explain 
repressible as well as inducible enzyme sys- 
tems For example, the genes for the five 
polypeptide chains required for tryptophan 



Chapter 7 


Nuclei Acids arr Gene Aci^vity 1-189 


biosynthesis are linked to each other and to an 
operator region on the E coli chromosome (Fig 
1 165) There is also a regulatory gene which 
produces a repressor Flowever, the repressor is 
inactive unless another small molecule, the 
corepressor, is present to change the repressor 
into its active form Tryptophan or its product 
acts as the corepressor for the tryptophan 
operon, thus turning off transcription of the 
enzymes for its own synthesis, a clearly eco- 
nomical control 

In the two kinds of regulatory models de- 
scribed above repressors function — either alone 
or in interaction with a corepressor — to prevent 
transcription of an operon, this is called nega- 
tive control There are some groups of enzymes 
whose operons are apparently subject to posi- 
tive control Such a system is exemplified by 
the operon controlling the enzymes for arabi- 
nose metabolism in E coli This operon con- 
tains three structural genes coding for three 
enzymes, an operator region, and the C gene 


which is a regulatory gene (Fig 1 166) As with 
the lactose operon, an inducer (in this case, 
arabinose) is required for transcription of the 
operon Genetic analysis reveals, however, that 
unlike the case of the lactose repressor, the C 
gene product is required for induction It is 
hypothesized that the “C” protein forms a 
complex with arabinose Interaction of this 
complex at the operator is required for tran- 
scription of the operon 
Genetic analysis of mutants has revealed 
another important regulatory region, the 
promoter In the lactose operon, for example, 
the region of the promoter (P) lies next to the 
operator on the other side from the structural 
genes (Fig 1 163) Promoters are signals along 
the DNA molecule recognized by the RNA 
polymerase As a consequence, the enzyme 
binds to the promoter Such a binding of the 
enzyme on the promoter is a prerequisite condi- 
tion for commencement of the transcription 
process Since binding of the polymerase to the 
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Fig 1 165 The tryptophan operon in E coh in the absence and presence of co-repressor (see text) A corepressor 
absent In this case the repressor synthesized by the regulatory gene is inactive and as a result the structural genes 
are open for transcription B corepressor present In this case the corepressor binds to the repressor to produce an 
active connponent which then binds to the operator thus transcription is blocked 
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promoter is the rate-limiting step of the tian- 
scription process, mutations in the promoter 
region affect the rate of transcription 
A number of regulatory mechanisms appeal 
to act via control of transcription at the pro- 
moter For example, in both bacteria and 
higher organisms the synthesis of many cata- 
bolic enzymes is sensitive to the presence of 
glucose Since glucose is an excellent source of 
intermediary catabolites and energy for most 
organisms, it is economical for cells to repress 
the wasteful synthesis of enzymes for other 
substrates when glucose is present This phe- 
nomenon was given the name catabolite 
repression Catabolite repression m bacteria 
involves cyclic adenosine monophosphate (cy- 
clic AMP) and a protein which complexes with 
cyclic AMP The protein is called CAP or crp 
protein The cyclic AMP-CAP complex is a 
positive control element which is required for 
proper binding of RNA polymerase to the 
promoters of certain operons These are the 


opeions that are subject to cMtabolu repres- 
sion Such opeions require c\c\ic AMP and 
('AF for transcription e\en m the piesence of 
inducer Cleaily, lowering of cvclic \MP levels 
or mutation of the ('AP protein would prevent 
normal transcription (ilucose causes catabolic 
repression bv lowering the levels of cvclic AMP 
within the cell As would t here! ore he expect ed, 
the repressive effect of glucose can be overcome 
by the addition of large amounts of cyclic 
AMP 

Control by RNA Polymerase. As noted 
earlier, bacterial RNA polymerase is com- 
pounded of several subunits designated as IS, 
a, cu, and cr The subunits aggregate speciticallv 
to form the holoenzyme, /?, aa, w, a Strand 
selection and binding of RNA polymerase to a 
DNA template is effected through promoters 
along the DNA molecule The promoters are 
recognized by the cr-factor of RNA polymerase 
Once binding of the enzyme to the promoter 
region is effected, the polymerase will tran- 
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scnbe genes continuously until a stop signal on 
DNA induces the termination of the polymeri- 
zation process 

There are many promoters within a given 
genome Even the relatively simple T4 phage 
appears to possess several promoters The in- 
triguing possibility exists that there are differ- 
ences between promoters and that different 
promoters require different o--factors for recog- 
nition The “catabolic sensitivity” of some 
promoters (see above) suggests that such differ- 
ences exist, as does the discovery that cr-factors 
are involved in the coordinated expression of 
the genome of the T4 phage, a phage which 
contains several genes The proteins coded by 
these genes are needed at various times during 
the life cycle of the phage inside the host cell 
For example, the enzyme lysozyme is needed at 
the very end of the life cycle of phage, to 
produce the lysis of the host cell, and thus 
liberate the viral particles It would be detri- 
mental to viral replication if the gene for 
lysozyme were transcribed immediately after 
injection of the phage into the host cell since it 
would produce a premature lysis of that cell 

After the DNA of T4 phage is injected into an 
E coll cell, the various viral genes are ex- 
pressed in a coordinate fashion as follows the 
“early” genes are transcribed first, then the 
“delayed early” genes, and finally the late 
genes The early genes are transcribed by the 
E coll RNA polymerase Presumably, the pro- 
moter(s) of the early genes are recognized by 
the <7-factor of the host cell However, the 
promoter(s) of the delayed early and late genes 
cannot be recognized by the host o- -factors 
Indeed, one of the early genes codes for a 
specific (T-factor which recognizes the promot- 
er(s) of the delayed early genes but not of the 
late genes In turn, one of the delayed early 
genes codes for a second viral cr -factor specific 
for the promoters of the late genes 

In the case of transcription of the late genes 
of T7 phage a specific T7 polymerase is needed 
The enzyme appears to be a linear end-to-end 
protein (no subunits) of 110,000 MW The T7 
polymerase does not bind E coli holoenzyme or 
core enzyme and is insensitive to rifamycm 
The enzyme is highly active with the T7 DNA, 
but it does not transcribe other DNA tem- 
plates 

Another kind of control at the transcriptional 
level is exerted by modification of the RNA 
polymerase core enzyme Recent studies on 


bacterial sporulation suggest that the transi- 
tion from the vegetative form to the spore 
involves changes in RNA polymerase Thus, a 
modified polymerase is found in Bacillus 
suhtilis at the onset of sporulation The change 
of enzyme is due to a modification of the 
]d-subunit The modified enzyme does not con- 
tain cr-factor, presumably because it cannot 
bind it Thus, the cessation of the transcription 
of the genes expressed in the vegetative state 
coincides with the “inactivation” of the vegeta- 
tive enzyme (negative control) Activation of 
the genes expressed at the spore stage is 
effected by a new cr-factor Whether the new 
cr-factor binds to the modified vegetative en- 
zyme or to an altogether new polymerase en- 
zyme is not yet known 

Therefore, specific promoters, sigma factors, 
and changes in the “core"’ enzyme can all 
contribute to the coordinated regulation of 
genes at the transcriptional level 

It has also been suggested that many operons 
may be under the control of further positive 
control elements which react with the polym- 
erase to change its ability to initiate transcrip- 
tion at certain promoters Indeed, there is now 
evidence for a psi factor which exerts specific 
positive control over the transcription of nboso- 
mal RNAs Moreover, there is a small mole- 
cule, guanosine tetraphosphate (ppGpp), 
whose accumulation inhibits the psi factor, and 
thus decreases the production of ribosomal and 
transfer RNAs 

Finally, in addition to the protein factors, 
sigma, and CAP mentioned above, there is a 
protein factor required for termination of tran- 
scription in certain m vitro systems This fac- 
tor, the rho factor, may well have a regulatory 
function or at least be involved m the normal 
process of transcription in vivo 

TRANSLATIONAL CONTROLS 

In addition to controls of gene activity at the 
transcriptional level, gene expression may also 
be regulated by controls acting at the transla- 
tional level These controls ultimately affect 
the amount of a given protein produced by its 
messenger RNA, thus inhibition of translation 
of a given messenger or changes in the rate of 
its translation lead to changes m the amount of 
the protein coded by this messenger For exam- 
ple, the RNA phage R17 codes for three pro- 
teins the attachment protein, the coat protein 
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and the RNA rephcase protein necossaiN lor 
viral replication {Fig I IB?) The production ol 
the coat protein is about 10 times greater than 
the production ot the othei two proteins This 
ditterence is due to the greater attinitv ol 
ribosomes lor the initiating signal ot the coat 
protein than lor the attachment protein The 
contormation ot the initiating site ol the RNA 
rephcase gene makes it unavailable loi iibo- 
somes binding, the site becomes accessible to 
ribosomes only when the ribosomes moving 
across the coat prote'n gene induce a change in 
its contormation (Fig 1167) Thus, translation 
ot the rephcase gene depends on tiansiation ol 
the coat protein gene Therelore, the allinitv ol 
ribosomes toward initiating sites ol inRNAs 
can be an important determinant ot the rate ol 
translation ot a given gene 

Another veiy important control device is 
exerted at the translational level bv specilic 
repressor proteins Such repressors bind to 
mRNA and inhibit translation For example, in 
the case ot phage R17 translation, the synthe- 
sized coat protein subunits are specific repres- 
sors ot the RNA rephcase gene The synthesis 
ot this enzyme stops The rephcase already 
synthesized serves lor the viral replication, and 
thus a wasteful synthesis is avoided Control by 
repressors acting at the translational level may 
be of great importance tor eukaryotic systems 
(see “Tomkins theory” below) 

There are many possibilities tor control other 
than those already described Control by 
breakdown ot mRNA, tor example, clearly 


occurs at least in some s\ stems 'The actual 
nuclcMse which hvdioh/es niHN \ in vivo is 
unknown, howevei, recent e\pt*i iments with 
ioli have identilied the gene sfiemlving this 
en/vnu Elucidation ot the nature ol the regu- 
lat ion ot niHNA degradation should prove to be 
ot great interest 

Finallv theie aie mnumeiahle (ontrols re 
lated to the activitv ol piotmns themselves 
(post-translatKHKtl t ontrols) Some ot the most 


HTC Cel! cycle 



Fig 1 168 The cell cycle of rot ht»pdtomd cells m tissue 
culture {HTC) showing periods during which tyrosine amino 
transferase can be induced by adrenal steroids Redrawn 
from Tomkins et al 1 969 


Initiation Initiation Initiation 

site site site 



Fig 1 167 Single stranded RNA of phage R17 a polygenic messenger RNA The rate of translation of the coat 
protein gene is greater than that of the A-protein and the rephcase because the conformation at the initiation site of 
that gene facilitates the attachment of ribosomes much more readily than the conformation of the other two sites In 
fact the conformation of the initiating site of rephcase renders this gene unavailable for translation and it is only when 
the ribosomes move across the coat protein approaching the rephcase region that an appropriate conformational 
c ange is induced m the latter region rendering it available for translation Furthermore the coat protein is a specific 
repressor of the replicase gene inasmuch as it binds to that gene and thereby blocks its continued translation 
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important of these include feedback inhibition 
of enzyme function by allosteric mechanism, 
and actual modification of proteins by phos- 
phorylation, adenylation, or limited proteol- 
ysis 

SOMIE COMMENTS ON CONTROL IN 
HIGHER ORGANISMS 

Fundamental differences between regula- 
tion in bacterial (prokaryotic) and higher 
(eukaryotic) cells are likely to result from the 
important differences in cellular organization 
The elaborate organization of the chromosomes 
in eukaryotic cells poses certain problems We 
do not know, for example, what regulatory role 
may be played by the histones, the highly basic 
proteins to which much of the DNA is bound 
We also do not know the mechanism for select- 
ing some of the many mRNAs that are tran- 
scribed in the nucleus to be transported into 
the cytoplasm for translation or even the mech- 
anism of this transport 

A variety of technical advances offers the 
promise of facilitating experiments on regula- 
tion in mammalian cells hitherto regarded as 
“impossible ” For example, it is now possible 
to cause fusion between cells of different types 
and different activities, by means of certain 
viruses (usually Sendai virus) Experiments 
with fused cells have already provided indica- 
tions that positive control elements are in- 
volved in both DNA and RNA synthesis in 
mammalian cells The general increase in the 
availability of tissue culture cell lines which are 
capable of specific synthetic activities in vitro 
has opened up broad new areas of study As a 
case in point, Tomkins and his colleagues 
(1969) have studied the effect of adrenal ste- 
roids on the synthesis of the enzyme tyrosine 
aminotransferase m cultured rat hepatoma 
cells (HTC cells) This enzyme is induced by 


steroids, but only during certain periods of the 
cell cycle (Fig 1 168) Tomkins has proposed a 
theory of induction of enzymes in mammalian 
cells which involves two genes — a structural 
gene for the induced enzyme and a regulatory 
gene The product of the regulatory gene, the 
repressor, binds to the mRNA of the structural 
gene and reversibly inhibits its translation 
Furthermore, it is assumed that the mRNA can 
only be degraded when its translation is inhib- 
ited by the repressor Thus, the repressor has a 
dual effect a) it inhibits messenger transla- 
tion, and b) it promotes messenger degrada- 
tion According to the theory, in the presence of 
the inducer the repressor is inactivated This 
results in mRNA translation, prevention of 
mRNA degradation, and increase synthesis of 
the enzyme (induction) Transcription of the 
structural gene itself also seems to be di- 
rectly increased by hormone action These 
events take place only during particular (in- 
ducible) periods of the cell cycle During the 
nonmducible phases, the transcription of both 
structural and regulator genes is repressed 
The pre-existing messenger is more stable 
during this phase of the cell cycle and its trans- 
lation continues Obviously, inducers have no 
effect in this phase of the cell cycle 
The complex regulatory processes of the 
coordinate and selective expression of the vari- 
ous genes lead not only to harmonious cell 
function, but also to changes as required during 
cell differentiation Selective, sequential and 
coordinate gene expression is achieved, there- 
fore, by events taking place at the transcrip- 
tional, translational, and post -translational 
levels These events are triggered by molecular 
signals emanating from the internal or external 
cell milieu In a sense it is the dynamic balance 
existing between the genes and their environ- 
ment that ensures their selective, timely, and 
coordinate expression 
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J / CONTROL OF FOOD AND WATER 
INTAKE 


The energy requirements of the body are met 
by the food that is consumed and absorbed If 
an excess of food were consumed continually 
and there were no change m the energy ex- 
penditure there would be a consistent weight 
gam A shortage in the energy value of the food 
assimilated would result in a steady weight loss 
The fact that the average adult maintains a 
constant weight or gams or loses weight very 
slowly is sufficient evidence that a balance is 
usually maintained between the energy ex- 
pended by the body and the energy content of 
the food that is assimilated The precision of 
this adjustment can be appreciated when we 
realize that the addition of 500 mg of dry food 
(less than one soda cracker) to each meal would 
cause an increase m weight over a 10-year pe- 
riod of more than 10 lb , if there were no com- 
pensatory increase in energy expenditure Of 
course some people do gain weight but it is be- 
lieved that this IS usually the result of some 
abnormality affecting the control of food in- 
take 

The balance between food intake and energy 
output is maintained by control of both the 
food intake and the output of energy There is 
an immediate effect of the excess food through 
its specific dynamic action, which results in an 
increase in energy output This, however, is 
rarely sufficient to account for all the energy 
contained in the excess food eaten If it were, 
there would never be a gam in weight If an 
individual consumes a certain measured excess 
of food at each meal over a period of time, he 
will gain weight steadily but the gam in weight 
will result m an increase in his basal metabolic 
rate which, if the excess food intake is not too 
great, will ultimately increase the metabolism 
to a point where the energy output will again 
equal the energy of the food, including the ex- 
cess In this way a new balance is established at 
a higher weight level In addition, there is ap- 
parently another mechanism, less well under- 
stood, which, m some cases at least, balances 
the energy output against the food intake, even 
when this is in excess In experiments on dogs 


at the University of Dlinois, it was found that 
dogs which were maintaining a constant weight 
on the amount of food which they ate volun- 
tarily could be given an excess over this 
amount, through a gastric fistula, amounting to 
33% of their voluntary food intake, without ei- 
ther diminishing their voluntary food intake or 
causing a gain in weight (Share et al , 1952) 
Evidently the animals had some means of me- 
tabolizing the excess food without increasing 
their total body mass This suggests that there 
IS some mechanism for adjusting the total body 
metabolism to the energy content of the food 
consumed, even though it is m excess of the 
need, however, we are concerned here with the 
other aspect of the adjustment of food con- 
sumption to energy output, that is, the regula- 
tion of food intake 

There are several methods to demonstrate 
the fact that food intake is controlled in some 
manner so as to equal the energy requirements 
of the animal Healthy animals, when allowed 
aU the food which they wish to eat, will con- 
sume only as much as is necessary to meet their 
energy requirements and to maintain their 
weight, or their normal growth if they have not 
already attained their adult weight If the ca- 
loric value of the food is increased, the amount 
consumed will be diminished so as to maintain 
a normal intake of food calories If, on the 
other hand, the caloric value of the food is de- 
creased by dilution with inert material, the 
animal will usually consume more food, up to 
the limit of its capacity, in order to maintain 
an adequate caloric intake This mechanism 
may be tricked by human devices into permit- 
ting an excess food intake, as in the experi- 
ments of Share and his coworkers described 
above, but usually it works very well Adjust- 
ment of food intake to energy expenditure is 
illustrated m Figure 2 1 

Hunger and Appetite 

Since eating is a voluntary act, control of 
food intake must be accomplished through con- 
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scioub sensations which indicate whether food 
IS needed or if enough food has been consumed 
The sensations which cause food to be eaten 
are described as hunger and appetite These 
terms have never been precisely defined m the 
scientific sense, but in a general wav we recog- 
nize that hunger is the sum ot the sensations 
aroused by the physical need lor food Appe- 
tite, on the other hand, is a psychic or emo- 
tional desire to eat, and may or may not be 
associated with the need lor food Cessation ol 
eating is also a voluntary act, and is induced by 
a conscious sensation called satietv when a suf- 
ficiency ot food has been eaten The mecha- 
nisms of hunger and satiety are probably in- 
born and dependent upon the inherent organi- 
zation ot the nervous system Appetite, on the 
other hand, is acquired, and is probably de- 
pendent upon pleasurable past experiences as- 
sociated with eating For example, an indi- 
vidual who IS hungry will eat almost any whole- 
some tood so long as it is reasonably palatable 
When he has reached a state ot satiety, how- 
ever, he will eat only those foods which are par- 
ticularly pleasing to him and with which he has 
had pleasant experiences m the past Thus, 
because of hunger, one may eat a wholesome 
meal which is fully adequate for his needs and 
then, because of appetite, add to it a dessert 
which IS entirely unnecessary so far as caloric 
requirements are concerned 

Neural Control of Food Intake 

CENTRAL MECHANISMS 

It has long been known that persons suffering 
from tumors of the hypophysis have a tendency 
to become obese, the condition is known as 
Frohlich’s syndrome In 1940, Hethermgton and 
Ranson showed that a similar condition could 
be produced in animals by injury to the hypo- 
thalamus m the vicinity of the hypophysis 
Later, Brobeck and others (1943) showed that 
the obesity was caused by injury to ventro- 
medial hypothalamic nucleus situated in the 
tuber cmerium If this area is destroyed in rats, 
cats, or monkeys, instead of being satisfied with 
an amount of food appropriate to its caloric re- 
quirements, the animal continues to eat as long 
as it is able to swallow food or as long as food is 
available, with the result that it becomes exces- 
sively obese A little later, Anand and Brobeck 
(1951) found that injuries to the lateral hypo- 
thalamic nuclei, just lateral to those involved 
m obesity, would cause the animal to stop eating 


Voluntary Caloric Intake and Body Weight 
as Functions of Exercise in Normal Animals 



Duration of Exercise (hr) 

Fig 2 1 The effe( t of exercise of various durations on 
caloric intake and body weight of exercised rats Three 
ranges can bo distinguished A sedentary B proportional 
response (normal activity) C exhaustion (From Mayer 
( 1 955) Courtesy of New York Ac adeniy of Sc lenc e ) 

altogether Animals with such iniunes absolutely 
refused tood even though they starv^ed to death 
It an animal with a medial hypothalamic injury 
and consequent hvperphagia (habitual over- 
eating) was subjected to an iniurv to the lateral 
hypothalamus, it not onlv recovered from its 
hvperphagia, but refused absolutely to eat 
an 3 dhmg From these observations, it was con- 
cluded that the nuclei in the lateral area ot the 
hypothalamus contain a 'deeding centerT and 
that the medial hypothalamic nuclei cxmtaia a 
“satietv center ” Since iiqury to the medial nu- 
clei was effective only it the lateral nuclei were 
intact, it was concluded that the medial satiety 
center acted by inhibiting the lateral teedmg 
center 

It IS interesting to note that the areas ot the 
hypothalamus involved in the control ot food 
intake have a much higher concentration ot high 
energy phosphate compounds (adenosine tri- 
phosphate, creatine phosphate) m tasted ani- 
mals than m animals recently ted, the increase 
m these compounds implies increased activity 
of these areas in hungry animals ( larsson, 1954) 
The medial hypothalamic areas, which are 
believed to inhibit the teedmg centers in the 
lateral hypothalamus, exhibit increased electri- 
cal activity when drugs which reduce or abolish 
appetite, such as amphetamine, are given It is 
believed that the increased electrical activity 
indicates stimulation of the medial nuclei and 
that these then inhibit the action of the teedmg 
centers It has been shown that electrical stimu- 
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lation of the lateral hypothalamic nuclei by 
means of implanted electrodes produces hyper- 
phagia in rats, cats, mice, monkeys, goats, and 
sheep During the period of stimulation, the 
animals exhibit a compulsive desire to eat, and 
if food IS available will eat as much as it is possi- 
ble for them to swallow (Larsson, 1954) 

The neural organization of the feeding cen- 
ters in the rat have been investigated by Mor- 
gane (1961) He devised a clever experiment 
which required the animal to cross an electrical 
grill and press a lever to obtain food After 
electrodes were implanted in various parts of 
the hypothalamus, stimulation of the far-lateral 
hypothalamus not only resulted m a feeding 
response in sated animals, but also motivated 
them to cross the electrical grill to obtain food 
When the mid-lateral hypothalamus was stimu- 
lated, a feeding response was obtained, but the 
animals were not “motivated” to cross the elec- 
trical grill Lesions were then placed m the 
medial fore-bram bundle, and it was found that 
a feeding response could still be obtained m 
sated animals by far-lateral hypothalamic stim- 
ulation but the animals would not cross the grill 
to obtain food These results suggest that the 
medial fore-bram bundle is important in 
“hunger motivation,” since overcoming a bar- 
rier to obtain food apparently depends upon 
the integrity of this bundle When the medial 
fore-bram bundle was interrupted, basic 
feeding responses could still be obtained, but 
the animal would not “work” for his food 
Morgane concluded that the feeding center in 
the rat probably is composed of both a basic 
feeding drive (mid-lateral hypothalamus) and a 
hunger drive (far-lateral hypothalamus) ele- 
ment, and that only the latter is depressed by 
the satiety mechanism 

Grossman (1960) has used an ingenious 
method of stimulating areas of the hypothal- 
amus of the rat He implanted a small double 
cannula into the lateral hypothalamus and was 
able to study the effects of stimulation of the 
“feeding area” by crystalline chemicals Adre- 
nergic agents, such as norepinephrine and epi- 
nephrine, caused satiated rats to eat, whereas 
cholinergic agents, such as acetylcholine or car- 
bachol, caused the animals to drink large quan- 
tities of water Thus, the feeding mechanism 
appears to be selectively activated by adre- 
nergic stimulation, while the drinking mecha- 
nism responds selectively to cholinergic stimu- 
lation 

Brobeck (1957) suggested that the areas of 


the hypothalamus which control food intake do 
so either by facilitating or inhibiting the reflex 
mechanisms involved in the acquisition and 
consumption of food, he called these feeding 
reflexes He classified these in two ways 1 ) 
according to the sensory mechanism arousing 
the reflex, and 2) according to the nature of the 
response The reflexes are listed in Table 2 1 
Probably the list could be extended if the 
mechanisms involved were better understood 
The important point is that the hypothalamic 
centers do not control food intake directly, but 
do so by making more or less responsive to 
stimuli the lower brain centers which control 
the reflexes governing the acquisition, con- 
sumption, and assimilation of food 

PERIPHERAL MECHANISMS 

Consumption of food brings about conse- 
quences which induce satiety and stimulate the 
mechanisms that are inhibitory to the feeding 
reflexes, starvation, or the absence of food, 
brings about consequences which excite hunger 
and stimulate the feeding centers In spite of 
extensive study, and even more widespread 
speculation, the peripheral mechanisms which 
contribute to hunger and satiety are still not 
fully understood Among the possible operating 
devices we can recognize gastrointestinal mech- 
anisms and metabolic mechanisms The gas- 
trointestinal mechanisms are mainly of a phys- 
ical nature whereas the metabolic mechanisms 
are chemical The physical mechanisms are 
presumed to act through stimulation of sensory 
nerve endings, whereas the chemical mecha- 
nisms are supposed to act on some hypothetical 
sensory device, either within the central 
nervous system or connected with it through 
afferent nerves, although this is by no means 
certain 

Among the gastrointestinal stimuli which 
tend to increase food intake and to cause a sen- 

TABLE 2 1 


Classification of feeding reflexes on a basis of initial sen- 
sory stimulus (left side) or behavior pattern induced (right 
side) 


Sensory Basis 

Behavior Basis 

Visual reflexes 

Olfactory reflexes 
Auditory reflexes 

Tactile reflexes 
Gustatory reflexes 
Enteroceptive reflexes 

Reflexes of attention 
Reflexes of approach 
Reflexes of examination 
Reflexes of incorporation 
Reflexes of rejection 

Brobeck, 1957 
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sat ion ot hunger are the so-called hunger con- 
ti actions ot the stomach and intestine (Quiglev, 
1955) The tact that hunger contractions cause 
a sensation ot hunger helps us little in the solu- 
tion ot our problem, tor we still do not know 
what causes the hunger conti actions Besides 
mere emptiness of the stomach and intestine 
they are probably excited by something in the 
metabolic category Emptiness is not the vNhole 
answer because, although the stomach mav be 
completely empty a tew hours after a meal 
hunger contractions become more intense and 
more distressing the longer the fast is con- 
tinued However, the\ cease at once when food 
IS taken and before an\ metabolic changes have 
taken place, therefore, whatever their cause, 
they can be completelv inhibited by the pies- 
ence of food m the stomach and intestine 

It is known that hungei contractions can be 
induced, or made more intense if already pres- 
ent, by inducing a state ot hypoglvcemia 
through administration at insulin (Quigley et 
al , 1929, 19tl0) This brings about stimulation 
of medullary centers, in which increased ac- 
tivity of the vagus centers is a pi eminent fea- 
ture If the vagus nerves are cut, insulin hypo- 
glycemia does not stimulate hunger contractions 
(Quigley and Templeton, 1950), indeed it tends 
to inhibit them if they are already present The 
hunger contractions induced by insulin evi- 
dently are due directly to an action of low 
blood sugar on the central nervous system 
They can be inhibited by administration of 
glucose intravenously, but the normally occur- 
ring changes in blood sugar level are in no way 
related to the presence or absence of gastric or 
intestinal hunger contractions (Quigley, 1955, 
Scott et al , 1938) H 3 T)erglycemia may or may 
not inhibit hunger contractions, it obviously 
does not m diabetic subjects In a majority of 
experiments on normal animals, hyperglycemia 
induced by injecting glucose intravenously does 
not inhibit gastric hunger motility It has been 
shown by Stunkard and Wolff (1956) that, m 
those instances in which the hunger contrac- 
tions were not inhibited by intravenous glucose, 
the injection of glucose did not cause a great 
rise in the arterial glucose concentration, as 
compared to the venous glucose concentration 
The arteriovenous glucose concentration differ- 
ence IS taken as an index of the rate of utiliza- 
tion of glucose by the tissues On the other 
hand, in those instances m which there was 
inhibition of hunger contractions, there was an 
increase in arteriovenous glucose difference 


Reference will be made to this fact a little Uter 
under the heading of Metabolic Fadors ” 

Ifndoubtedlv gastnc hunger contractions 
contribute to the hunger state hut the\ are by 
no means soieK lesponsihle foi it Enough 
human cases have been studied in which both 
splanchnic nerves w^ere scweied to establish the 
fact that this operation abolishes all sensation 
produc‘ed bv contraction ot the stomach during 
hunger The conti act ions persist hut then are 
no longer felt However incii\ idiials so oper- 
ated upon do not expei lence am decrease in 
their desire for food and then have periods of 
hunger ]ust as intense as before the splanchnic 
nerves were severed (’utting the vagus nerves 
abolishes the hungei c'ontractions .iltogether for 
a time, but bv no means abolislu's thc‘ sensation 
of hunger We mav conclude that the hunger 
sensation anses not oiiK in the stomach and 
intestine but elsewhere in the bodv as well, and 
that the gastiointestinii! component is dispen- 
sable 

Sensations arising in the gastrointestinal 
tract which diminish or abolish food intake are 
somewhat better understood 'Fhe dct of eating 
will, m itself, dinumsh hunger and appetite 
For example, if an amm<il is prepared with an 
esophagostomv so that food which is eaten 
passes through the mouth and ph<irvn\ and 
upper esophagus hut does not enter the stom- 
ach, the animal will eat more food than would 
a normal animal, but feeding ceases cnentuallv 
If an animal is given a measured amount of 
food before its regular mealtime it will reduce 
the amount of its voluntary food intake propor- 
tionately If the prefeeding is t*arned out 
through a gastnc fistula instead of bv mouth 
the reduction m voluntary food intake is much 
less pronounced, indicating that the decrease in 
food intake was not all due to distention of the 
stomach but partly to the oropharyngeal stimu- 
lation of eating 

Distention of the stomach alone inhibits 
hunger and appetite For example, if an animal 
IS given a portion of its food a few^ minutes be- 
fore regular feeding time through a gastric fis- 
tula, and this practice is continued over a pe- 
riod of time, eventually the animal will come to 
reduce the size of its subsequent meal by an 
amount equal to the amount given through the 
gastric fistula; m other words, the total size of 
the meal will be maintained constant (danowitz 
and Hollander, 1955) This adjustment does 
not occur immediately and is never very pre- 
cise, but it does show that gastnc distention 
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with food tends to reduce hunger and appetite 
Similarly, if the stomach is partly filled with 
inert materials, the size of the subsequent meal 
will be reduced Inflation of a balloon m the 
stomach has the same effect (Janowitz and 
Grossman, 1949) That these effects are me- 
chanical and not metabolic in nature is shown 
by the fact that, if the artificial feeding, instead 
of being given immediately before the regular 
meal, is given some 4 hr after, and time is al- 
lowed for it to be disposed of, the animal will 
eat a normal amount at the next regular meal, 
provided the artificial feeding was not too 
large As much as one-third of the animal’s 
regular food consumption can be given in this 
manner over a period of time without affecting 
his voluntary intake (Share et al , 1952) The 
fact has already been referred to that animals 
so fed, although receiving 30% or more m ex- 
cess of their regular food intake, do not neces- 
sarily gam weight The effect of gastric disten- 
tion on hunger and appetite is doubtless due to 
the presence in the stomach of stretch receptors 
(Paintal, 1954) situated in the muscular walls 
and connected to afferent fibers of the vagus 
nerves, section of the vagi does away with the 
effects of gastric distention on appetite Indeed, 
vagotomy may produce a condition of hyper- 
phagia comparable to that caused by lesions of 
the medial hypothalamic nuclei 
The effects of the gastrointestinal stimuli are 
largely confined to determining the size of an 
individual meal They do not serve to regulate 
the overall balance between the energy intake 
represented by the food and the energy output 
represented by the total metabolism of the 
body Presumably, metabolic factors are re- 
sponsible for this type of regulation, but any 
discussion of such factors at the present time 
would be speculation We know certainly only 
that some metabolic consequences of the assim- 
ilation of food are not effective as regulatory 
factors It has been shown, for example, that 
changes m blood sugar, at least those that are 
not associated with changes in arteriovenous 
glucose difference, have no effect on voluntary 
food intake, nor do they influence hunger 
contractions — except those induced by insulin 
(Quigley and Hallaran, 1932) An increase in 
the ammo acid concentration of the blood 
caused by intravenous injection of ammo acids 
has no effect upon voluntary food intake m 
dogs However, the slight increase m tempera- 
ture which results from the presence of pyro- 
gens m some intravenous solutions does defi- 


nitely influence appetite, even though the rise 
in temperature is too small to be recognized 
clinically as a fever This, and the fact that 
taking food causes a slight increase in tempera- 
ture due to the specific dynamic action of the 
food, has suggested to Brobeck (1957) the possi- 
bility that the increase m body temperature 
caused by the specific dynamic action of the 
food may be a factor which limits food intake 
(Fig 2 2) 

Mayer (1955) has suggested that food intake 
is controlled in some way through the metabo- 
lism of glucose — the so-called glucostatic hy- 
pothesis Recognizing that hunger and appetite 
are not related to changes in blood sugar level, 
Mayer contends that they are governed by the 
utilization of carbohydrate food by the tissues 
“According to the glucostatic theory the mecha- 
nism postulated for the short term regulation of 
energy intake rests on the concept that some- 
where, possibly in the h 3 q)othalamic centers 
shown to be implicated m the regulation of 
food intake, perhaps peripherally as well, there 
are glucoreceptors sensitive to blood glucose m 
the measure that they can utilize it ” In other 
words, when the tissues are utilizing glucose 
rapidly, thus establishing a high arteriovenous 
glucose difference, the glucoreceptors are stim- 
ulated, and through their central connections 
suppress hunger and appetite and inhibit food 
intake On the other hand, when glucose is not 
available for tissue utilization, and the arterio- 
venous glucose difference tends toward zero, a 
state corresponding to tissue hunger exists, this 
is sensed m some way by the hypothalamic cen- 
ters, which then facilitate the feeding reflexes 

Another theory suggests that the total energy 
stores of the body are maintained at a certain 
predetermined level by the balance between 

Appetite 


Feeding 



Fig 2 2 Outline of mechanisms taking part in transi- 
tion from appetite to satiety (From Brobeck, 1957) 
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hunger and satiety Whatever the mechanism 
may be, it is evident that metabolic factors are 
important and quite possibly plav a deter- 
mining role in the regulation of the balance 
between food intake and energ} output in the 
body 

The sensation of thirst is referred to the 
pharynx and is due to the stimulation of sen- 
sory nerve endings in this situation Two theo- 
ries have been advanced to explain the mecha- 
nism by which the sensation is aroused 

According to one view, thirst is due to the 
drying of the pharyngeal mucous membrane, 
the salivary glands being given a role m the 
regulation of the water balance of the body 
When the water content of the bod\ falls below 
a certain level, salivary secretion is depressed 
The consequent drying of the mucous mem- 
brane of the throat then elicits the character- 
istic sensation If such a view is correct, drying 
of the pharyngeal mucosa, from whatever 
cause, should cause thirst Cannon (1929), who 
provided the principal support for this theory, 
found, in studies upon himself, that after absti- 
nence from fluids for a time the depression of 
salivary secretion which resulted was definitely 
associated with thirst Atropine, which inhibits 
salivary secretion, also produced the typical 
sensation, and thirst aroused by the deprivation 
of water was relieved by the application of co- 
caine to the mucosa Pilocarpine, or acid sub- 
stances which stimulate the flow of saliva, also 
relieve thirst In dogs, however, atropine and 
pilocarpine have no effect upon the water in- 
take 

According to the other view, thirst is a sensa- 
tion resulting from changes in blood composi- 
tion, probably due to a rise m its osmotic pres- 
sure, which stimulates the afferent nerve end- 
ings or perhaps acts upon central nervous struc- 
tures Thus, Rowntree and his associates (Weir 
et al , 1922), found that thirst of diabetes in- 
sipidus was relieved neither by cocainization of 
the mucous membrane nor when sSahvation was 
induced by pilocarpine The experiments of 
Gilman (1937) suggest that cellular dehydra- 
tion, rather than a rise m osmotic pressure, is 
the prime factor m arousing thirst Elevation of 
the osmotic pressure of the blood of dogs by the 
injection of a hypertonic salt solution, and the 
imbalance thus caused m the osmotic relation- 
ship between intra- and extracellular fluids, 


caused a much gTeater intake ol water than an 
equivalent rise m osmotic pressure resulting 
from the administration of urea After the 
injection of salt, sufficient water was drunk to 
reduce quickK the osmotic pressure of the blood 
After injection of urea, to which the cells are 
readilv permeable, and which did not disturb 
the osmotic relationships the water intake was 
but little increased and the osmotic pressure of 
the blood remained elevated In support of the 
view that a lowered water content ol the ceils is 
the true thirst stimulus, (hlman cited an exper- 
iment in which anh\dremia was induced by the 
withdrawal ol large quantities of extracellular 
electrolytes (eg, NaCl) without the withdrawal 
of water In such anhvdremic animals, dehy- 
dration of the tissue cells does not occur, and 
although the oral mucous membranes are quite 
dry, there is no evidence of thirst and water is 
refused - 

The two theories are not incompatible, as is 
indicated by the work ol Holmes and Gre- 
genson (1947), who found that, m human sub- 
jects, following the intravenous injection ol 300 
ml of 5S sodium chloride, although there was 
an increase in plasma volume there was a con- 
siderable decrease in sahvarv secietion asso- 
ciated with the sensation of thirst This proves 
that the decrease in sahvarv secretion leading 
to a sensation of thirst may be caused by an 
increase m the osmotic pressure ol the blood, 
and suggests that tissue dehydration mav in- 
duce the sensation of thirst through the reduc- 
tion in the flow of saliva 

The neural mechanisms for the regulation of 
water intake are similar to those for the regula- 
tion of food intake Indeed, they aie closely 
associated and have not as v^t been clearly sep- 
arated Certain types of injuries to the lateral 
hypothalamus induce not only a cessation of 
food intake but also cessation of water intake 
The animals die of dehydration unless given 
water by stomach tube (Greer, 1955, Morrison 
and Mayer, 1957) Greer found that stimulation 
of the dorsomedial nucleus m the cat caused 
violent drinking activity, thus there are prob- 
ably centers m the hypothalamus for the regula- 
tion of water intake comparable to the feeding 
centers Like the intake of food, the intake of 
water is influenced by gastric distention Ani- 
mals made thirsty by intravenous injection of 
hypertonic salt solution will usually drink an 
amount of water over a short period of time 
approximately equal to the amount necessary to 
dilute the injected salt to an isotonic concentra- 
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tion. If the stomach is distended by means of a 
water-filled balloon, the amount of water that 
is voluntarily drunk will be diminished and the 
replacement of the water deficit delayed. The 
vagi play a part in the regulation of water in- 
take. Vagotomized animals not only eat more 
food but also drink more water than do normal 
animals. The food intake and the water intake 
are increased proportionately by vagotomy; 


they are decreased by sympathectomy (Towbin, 
1955 ). 

Excessive thirst also occurs in lesions of the 
anterior hypophysis, leading to diabetes insip- 
idus. In this disease there is failure of produc- 
tion of the antidiuretic hormone of the anterior 
hypophysis, resulting in an excessive loss of 
water through the kidneys. In this case, thirst is 
probably secondary to dehydration. 



2 /INNERVATION AND VISCERAL 
SENSATIONS OF THE 
GASTROINTESTINAL TRACT 


The gastrointestinal tract receives an abun- 
dant nerve supply via the autonomic nerves In 
addition, it contains within its walls an elabo- 
rate plexus of interconnected ganglia This is 
usually described as consisting of two plexuses, 
the myenteric plexus, situated between the cir- 
cular and longitudinal layers of the smooth 
muscle, and the submucous plexus, situated in 
the submucosa 

Extrinsic Nerves 

The autonomic nerves are classified as sym- 
pathetic and parasympathetic but it is more in 
keeping with modern thought to consider them 
as cholinergic or adrenergic, depending upon 
whether they liberate acetylcholine or an adren- 
aline-hke substance at their final terminations 
In this sense, most parasympathetics are cholin- 
ergic and sympathetics are adrenergic, but 
there is considerable mixing, since cholinergic 
fibers have been demonstrated to be m consid- 
erable abundance m the sympathetics 
The parasympathetic nerve supply to the gas- 
trointestinal smooth muscle comes mainly from 
the vagus (Fig 2 3), however, the pelvic nerves 
supply the distal portion of the colon (Fig 2 4) 
The parasympathetic fibers, whether vagus or 
pelvic in origin, do not end directly on the 
smooth muscle cells but end by making syn- 
apses with cells in the enteric plexuses There- 
fore, as pointed out by Carlson et al (1922), 
they stand m relation to these plexuses as inter- 
calated or mternuncial fibers between reflex 
centers and not as ordinary motor nerve fibers 
The function of such fibers in the central 
nervous system, and presumably in this situa- 
tion also, IS to increase or decrease the excita- 
bility of the reflex centers and not to initiate 
muscular activity directly 
The sympathetic supply to the stomach and 
small intestine is by way of the splanchnic 
nerves. The cecum, appendix, and ascending 
2-8 


and transverse colon are supplied bv nerves 
which arise from the superior mesenteric 
plexus This plexus is a derivative of the aortic 
plexus through which it also receives vagus fi- 
bers from the celiac plexus The lower part of 
the rectum is supplied bv sympathetic fibers 
which arise from the upper and lower divisions 
of the hypogastric plexus The preganglionic 
sympathetic fibers end m the celiac, superior or 
inferior mesenteric, or aortic ganglia The fi- 
bers that reach the intestine, therefore, are 
postganglionic They probably have no func- 
tional relation to the enteric plexuses, even 
though they traverse the enteric ganglia and are 
distributed along with the postganglionic en- 
teric plexus fibers Most of them are concerned 
with the vawsomotor supply of the numerous 
blood vessels m the intestine but some go to the 
intestinal smooth muscle m the miLscularis 
mucosae (Kuntz, 1953) 

FUNCTION OF EXTRINSIC NERVES 

The gastrointestinal tract is capable of 
carrying on its major functions after all the ex- 
trinsic nerves have been severed This automa- 
ticity may be attributed partly to the local 
nervous mechanism and partly to the properties 
of the smooth muscle Probably, the essentially 
rhythmic functions, such as gastric antral peri- 
stalsis and segmentic contractions of the small 
and large intestine, are dependent upon the 
properties of the smooth muscle, whereas the 
more highly coordinated functions, such as for- 
ward peristalsis in the small intestine and mass 
movements m the colon, are dependent upon 
the functional integrity of the myenteric 
plexus Both the neurogenic and myogenic 
functions are regulated through central nervous 
system reflexes by way of the autonomic nerves* 
The tone and peristaltic activity of the 
stomach are usually increased on stimulation of 
the vagus nerves The statement that the vagus 



Chapter 2 


Jnrservaijon and Vfscerai Sensations 2-9 



T5 

T6 

T7 

T8 

T9 

TIO 

Til 

TI2 

LI 

L2 

L3 


Fig 2 3 Diagram of the innervation of the stomach 
small intestine and proximal part of the colon GT SPL N 
great splanchnic nerve SM SPL N small splanchnic 
nerve L SPL least splanchnic nerve CG celiac gan- 
glion S M superior mesenteric ganglion I M inferior 
mesenteric ganglion Continuous lines vagal and sympa- 
thetic preganglionic fibers broken lines sympathetic post- 
ganglionic fibers ganglion cells and postganglionic fibers 
of vagus in gastrointestinal wall 



increases the activity of the muscle in the gas- 
tric wall while inhibiting the sphincters has 
been proved to be erroneous, when motor ef- 
fects are observed in the muscle of the pyloric 
portion, for example, the pyloric sphincter re- 
sponds in the same sense, thus the idea of a 
reciprocal innervation of the sphincters and the 
other muscle of the stomach is not borne out by 
the experimental facts 

The effect on the stomach of stimulating the 
splanchnic nerves is usually described as inhibi- 
tory but it IS far from being invariably so In 
simple acute experiments on anesthetized ani- 
mals, increased motor activity is seen about as 
frequently as inhibition when the splanchnic 
nerves are stimulated Carlson and his asso- 
ciates (1922) pointed out that motor responses 
are more likely to be obtained when the muscle 
IS in a state of relaxation, whereas inhibitory 
effects occur when the muscle is m a state of 
high tonus or vigorous activity This rule ap- 
plies to both vagus and sympathetic stimula- 
tion, nevertheless, with the muscle in a me- 
dium state of tonus, the vagi will more often 
produce excitatory effects while the splanchnics 
produce inhibitory effects The reason for the 
preponderance of sympathetic motor effects in 
recently anesthetized, operated animals is that 
the stomach, in such circumstances, is always 
in a state of very low tone 

In the small intestine, the parasympathetic 
nerves are nearly always excitatory and the 
sympathetics nearly always inhibitory (Fig 2 5) , 
however, the excitatory vagus effects, as men- 
tioned previously, are usually preceded by a 
brief inhibition In the upper portion of the 
small intestine, motor effects from stimulation 
of the sympathetic nerves are by no means 
uncommon The tonus rule holds here also, 
motor effects are more apt to be observed in 
the relaxed intestine 

In the large intestine, stimulation of the par- 
asympathetic innervation is reported to cause 
mainly increased activity, whereas stimulation 
of the sympathetic nerves gives results that are 
even more confusing than those obtained m the 
stomach Some investigators report only inhibi- 
tory effects, others report only motor effects, 
whereas still others report inhibition of the 
walls of the viscera with contraction of the 
sphincters 


Visceral Reflexes 


Fig 2 4 Diagram of the innervation of the distal 
colon 


While studying the effects of electrical stimu- 
lation of autonomic nerves, it is well to bear m 
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Fig 2 5 Upper inhibitory effect of splanchnic stimu 
lation upon the movements of the small intestine the 
heavy white line indicates the time during which the stim 
ulus was applied Lower effect upon intestinal motility of 
stimulating vagus nerves (After Thomas and Wheelon 
1922) 

mind the fact that nerves were not developed 
for the purpose of being artificially stimulated 
Under normal circumstances, the autonomic 
nerves serve only reflex functions, and when 
aroused normally through their reflex connec- 
tions they may produce effects quite different 
from those seen on electrical stimulation 
Normal reflex stimulation is selective, exciting 
only those fibers which will promote the func- 
tion subserved by the reflex, whereas ordinary 
electrical stimulation excites all the fibers 
without regard to their normal function 
Certain gastrointestinal reflexes involving the 
peripheral autonomic nerves have already been 
mentioned, among these are the receptive re- 
laxation of the stomach, the enterogastric re- 
flex, and the so-called gastrocolic reflex These 
reflexes chiefly involve the parasympathetic 
nerves and are concerned with regulation of the 
normal functioning of the gastrointestinal 
smooth muscle Other reflexes have been de- 
scribed which occur only under unusual circum- 
stances, and generally involve the functioning 
of the sympathetic nerve supply One of these is 
the intestino-intestinal inhibitory reflex This 
consists of reflex inhibition of the whole intes- 
tinal tract as a result of distention of some one 


segment The stomach may also be inhibited, 
but in this case we are dealing with a mecha- 
nism different horn the enterogastric reflex 
previously mentioned The reflex is abolished 
or greatly diminished when the splanchnic 
nerves are cut, hence it involves discharge of 
impulses over the sympathetic nerves It prob- 
ably belongs in the category of responses to 
noxious stimuli which, generally throughout the 
body, tend to cause increased activity of the 
sympathetic nervous system, and to inhibit gas- 
trointestinal motihtv Other examples of reflex 
responses to noxious stimuli are inhibition of 
the intestine due to irritation of the perito- 
mum, distention of the gall bladder and bile 
ducts, overfilling of the bladder, or forcible 
stretching of the anal sphincters All of these 
stimuli produce inhibition of the gastrointes- 
tinal smooth muscle through activation of adre- 
nergic mechanisms, mainly the svmpathetic 
nerves 

Visceral Sensations 

The abdominal and thoracic viscera are in- 
sensitive to the several types of stimuli which 
readily arouse sensations in the skin and more 
superficial tissues of the body The effects of 
the different varieties of stimulus, thermal, 
chemical, tactile, and pain, have been investi- 
gated by a large number of observers 

TOUCH 

The sensation of touch disappears at the 
lower end of the pharynx This was shown by 
Hurst (1911), who used an esophageal tube with 
a slit on one side through which the mucosa of 
the esophagus could be stimulated Carlson 
and Braafladt (1915), by means of a test-tube 
brush passed into the stomach, were unable to 
elicit the sensation of touch from the gastric 
mucosa The rectum possesses no tactile sen- 
sibility but the anal canal is sensitive 

THERMAL SENSIBILITY 

The esophagus is sensitive to extremes of 
heat and cold The sensations of temperature 
that are felt when hot or cold materials enter 
the stomach have been thought by some to orig- 
inate in the lower end of the esophagus, by 
others to arise in the skin of the epigastrium, 
either through thermal conduction or by reflex 
changes in the cutaneous blood vessels. Carlson 
and his associates have shown, however, that 
the gastric mucosa is sensitive to extreme tern- 
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perature changes, i e , protophathic thermal 
sensibility (below 10° C or above 45° C) It is 
the lower end of the esophagus, however, which 
IS responsible for the greater part of the thermal 
sensation that is experienced when excessively 
hot or cold materials are swallowed This is due 
to the greater sensitivity of the esophageal 
mucosa, as well as to the fact that the material 
may be retained for an appreciable length of 
time above the cardia The colon is insensitive 
to temperature changes, but even compara- 
tively slight differences in temperature can be 
detected in the anal canal 

CHEMICALS 

Chemicals, with the exception of alcohol, 
cause no sensation whatever when introduced 
into the stomach or intestinal canal The mu- 
cosa is completely insensitive to acids, the in- 
troduction into the healthy stomach of a solu- 
tion of 0 hydrochloric acid causes no pain or 
sensation of any kind Alcohol stimulates the 
mucosa of the esophagus and stomach and 
causes a sensation of warmth Peppermint and 
various condiments free from alcohol arouse no 
sensation The pelvic colon and rectum show a 
similar sensitivity to alcohol but are insensitive 
to other chemicals The anal canal is extremely 
sensitive, especially to alcohol and glycerine 
which cause a burning sensation 

Pain 

Sensations of pain cannot be elicited from 
the viscera by procedures that evoke pain in the 
skin The intestine or the liver, the stomach or 
the heart may be cut, burned, or pinched 
without arousing any immediate sensation In 
the second stage of a colostomy operation, for 
example, the colon can be opened without pain 
being experienced by the patient Harvey 
(1628, see 1962 ed ) remarked upon the absence 
of sensation in the exposed heart of Viscount 
Montgomery Harvey records, “I carried the 
young man to the King (Charles I) that His 
Majesty might with his own eyes behold this 
wonderful case, that, in a man alive and well, 
he might, without detriment to the individual, 
observe the movement of the heart, and with 
his proper hand even touch the ventricles as 
they contracted And His Most Excellent Maj- 
esty, as well as myself, acknowledged that the 
heart was without the sense of touch, for 
the youth never knew when we touched his 
heart ” 

The insensibility of the alimentary tract to 


ordinary forms of stimulation commences in 
the middle third of the esophagus and extends 
as far as the commencement of the anal canal 
How can these observations be reconciled with 
the well-known fact that pain is one of the 
commonest manifestations of visceral disease‘s 

The whole subject of pain arising in, or re- 
ferred from, the viscera is still highly controver- 
sial No final answer can be given The most 
that can be attempted is a summary of some of 
the more significant experimental results and 
clinical observations, and the opinions of those 
who have especially interested themselves in 
the subject 

REFERRED PAIN 

When a viscus is diseased, pain or tenderness 
IS frequently felt in the tissues approximately 
overlying it (abdominal or chest wall) or in 
some part quite remote from it For example, 
pain is felt in the neck or shoulder (Fig 2 6) in 
conditions affecting the diaphragm, between 
the scapulas in gastric disease, in the region of 
the umbilicus in appendicitis, in the testis m 
renal colic and m the sternal region, or down 
the left arm in angina pectoris Esophageal 
pain is frequently confused with that of cardiac 
origin, as it not only characteristically occurs 
substernally, but may extend into the neck, 
jaw, and even into the arms When traction is 
made upon a coronary artery of a dog, the an- 
imal whines and indicates the location of the 
pain by limping on the left forepaw In dextro- 
cardia, anginal pain is felt in the right arm 
Other examples are the pain in the perineum 
and tip of the penis caused by a stone m the 
region of the neck of the bladder, and the pain 
in the groin due to a stone in the ureter 

A given spinal segment supplies a visceral 
area with autonomic nerve fibers (afferent and 



Fig 2 6 Location of maximum points of referred neck 
pain from diaphragm irritation in 23 cases They are all 
situated in the region supplied by the third and fourth 
spinal segments (After Capps and Coleman 1932) 
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efterent) and also a well- delineated area of the 
skin (dermatone) with somatic nerves The two 
types of stmcture linked m this wav through 
the afferent nerves and the central nervous 
system may be some distance apart (e g , dia- 
phragm and shoulder) or be more closelv re- 
lated (e g , area of abdominal wail and an un- 
derlying abdominal viscus) Mackenzie (1918) 
believed the afferent autonomic impulses 
arising m a diseased organ, although of them- 
selves incapable of arousing anv sensation, 
would, upon entering the spinal cord, set up an 
“irritable focus” with the result that cells accus- 
tomed to receive impulses from the corre- 
sponding somatic area were excited Thus, the 
impulses from the viscera spread, or “irradi- 
ated,” on to cells of the corresponding somatic 
center New impulses originating in these cells 
traveled along the usual paths to higher percep- 
tive centers (thalamus) which proiected or re- 
ferred the sensation to the somatic area, e g , 
skm or muscle, from which it was accustomed 
to receive impulses In this way, i>pontaneoiis 
pain in superficial structures remote from the 
diseased site was accounted for 

Tenderness to touch, pressure, or light 
pinching of the skin (h^^Deresthesia and hyper- 
algesia) was ascribed to the impulses (which 
ordinarily would be below the threshold for 
pain) arriving in the segment rendered hyper- 
excitable as a result of impulses received from 
the diseased organ In the case of the abdom- 
inal viscera, Mackenzie claimed that the area 
of tenderness in the abdominal wall remained 
fixed, although the position of the diseased 
organ changed, thus indicating the referred 
nature of the pam He explained the rigidity 
(hypertonus) of muscles overlying a diseased 
organ (the right rectus abdominis in acute ap- 
pendicitis, for example) upon a similar basis 
Afferent impulses of normal intensity arising m 
the muscle proprioceptors upon arriving at the 
spinal centers, which had been rendered hyper- 
excitable by the receipt of abnormal visceral 
impulses, resulted in a reflex increase in tonus 
of the corresponding muscles (see Fig 2 7) 

Table 2 2 gives the segmental areas to which 
pain IS referred in disease of various viscera 

VISCERAL PAIN 

The pains of dysmenorrhea or childbirth, for 
example, or the pam of intestinal colic or an 
overdistended bladder, or the substernal pain 
of coronary occlusion, although diffuse, seem to 
arise within the organ itself, even when re- 



Fig 2 7 Dioqrdm to illustrate Mat, keruie s theory of 
referred pam (1920) A represeruinq normal conditions a 
visceral reflex is shown B illustrates a viscoromotor and a 
viscerosensory reflux Impulses from a viscus are con 
ceived as setting up an irritable focus in the cord which 
through the mvolvennent of npicjhbonnq neurons increases 
the tone of muscles innervated by the same segment and 
causes a discharqe of impulses over tht‘ pathway for pam 
The sensation is then projected in consciousness to the 
periphery as indicated by the dotted line 

ferred as well to a somatit btriuture, such as 
mubcle or skm Kmsella (1948) observed that, 
m conscious patients, pressure with the fingers 
upon an inflamed appendix caused pain cen- 
tered in the VISCUS, a healthy appendix is insen- 
sitive He and others have also shown that a 
chronic duodenal ulcer is also tender to direct 
contact In transsection of the cord at the third 
thoracic vertebra m a patient (reported upon by 
Kmsella, 1948), m whom there was complete 
paralysis and anesthesia of the abdommai wall, 
intestinal pam was experienced which obviously 
could not be caused by reference to somatic 
nerves Impulses m such cases must reach the 
central nervous system along intact visceral ef- 
ferents They apparently travel by sympathetic 
fibers which enter the cord above the level of 
the transsection It is unlikely that they are 
transmitted by the vagus, 

Pam in a normal viscus may also result from 
disease m a distant organ through a viscero- 
motor reflex For example, painful contractions 
of the small intestine may accompany disease 
of the appendix A distinction should be drawn 
between pain of this nature and referred pain 
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Table 2 2 

Spinal segments to which visceral pain is referred 


Viscus 

Spinal Segments 

Lungs 

1-7 dorsal, mostly 2-5 dorsal 

Heart 

3-5 cervical, 1-8 dorsal, predomi- 
nantly on left side, sometimes 
bilateral 

Esophagus 

Mainly 5 dorsal, also 6, 7 and 8 
dorsal 

Breast 

4 and 5 dorsal 

Stomach 

7, 8 and 9 dorsal, usually bilat- 
eral 

Intestine 

9-12 dorsal, bilateral or on left 
side only 

Liver 

8-10 dorsal on right side 

Gall Bladder 

Mostly 8 and 9 dorsal, also 5-7 

Kidney 

Mostly 10 dorsal, also 11 and 12 
dorsal and 1 lumbar 

Ureter 

11 and 12 dorsal and 1 lumbar 

Testis 

10 dorsal 

Epididymis 

11 and 12 dorsal 

Bladder 

11 and 12 dorsal and 1 lumbar, 
also 3 and 4 sacral 

Prostate 

10 and 11 dorsal, also 1-3 and 5 
sacral 

Ovary 

10 dorsal 

Fallopian tubes 

11 and 12 dorsal 

Uterine cervix 

11 and 12 dorsal and 1-4 sacral 

Uterine body 

10 dorsal to 1 lumbar 


The Adequate Stimulus for True 
Visceral Pain. The existence of true visceral 
pain IS not incompatible with the statement 
made above, that the viscera are insensitive to 
the ordinary types of stimulus From his inves- 
tigations, Hurst (1911) concluded that the only 
adequate stimulus for visceral pain fibers is 
tension Distension of a hollow viscus, e g , 
stomach, intestine, gall bladder, etc , gives rise 
to pain, as a result of the stretch stimulus ap- 
plied to the nerve terminals in its wall The 
pain IS roughly localized to the viscus itself, or 
referred Under certain circumstances, chem- 
ical substances produced in an ischemic organ, 
as in angina pectoris or intermittent claudica- 
tion, may stimulate nerve fibers subserving 
pain 

Although the question is by no means settled, 
it appears that contraction of the muscular wall 
of a hollow viscus such as the intestine does not 
cause pain unless the movement of the bowel 
makes traction upon the mesentery Pam 
arises, however, if the contraction causes dis- 
tention of a neighboring portion of the wall, as 
may result when the contraction wave ap- 
proaches a mechanical obstruction, a length of 


bowel in spasm, or a sphincter which fails to 
relax (achalasia) Poulton (1928), for example, 
found that when a balloon was inserted into the 
lower part of the human esophagus, the ap- 
proach of a peristaltic wave toward the obstruc- 
tion caused pain, but during its passage over 
the esophageal wall m contact with the balloon, 
no sensation was felt Poulton ascribes the ab- 
sence of pain during the passage of the contrac- 
tion wave to the reduction in the diameter of 
the tube and the consequent release from 
stretch of the nerve endings lying between the 
muscle fibers Pam was also relieved if the 
esophageal muscle relaxed to accommodate the 
balloon, that is, adjusted the length of its fibers 
to the distending force 

As further evidence for the effectiveness of 
distention in causing pain, the following obser- 
vations may be cited In animals, when an in- 
testinal loop exposed under local anesthesia is 
stimulated to powerful contraction, there is no 
evidence of pain, whereas even moderate dis- 
tention of the loop (as by inflating it with a bal- 
loon) is manifestly painful Distention of the 
human appendix by the injection of fluids 
through an appendicostomy opening causes 
severe pain m the epigastrium or in the region 
of the umbilicus, and when the duodenum is 
distended by the injection of material through 
a duodenal tube, pain is felt on the right side 
The pain impulses undoubtedly reach the cen- 
tral nervous system through the splanchnic 
nerves Bentley and Smithwick (1940) dis- 
tended the duodenum of patients whose 
splanchnics had been divided on one or both 
sides After unilateral denervation, distention 
caused pain on the unoperated side only, no 
pain whatever was felt after bilateral splanchnic 
section 

Nausea 

Nausea usually precedes the act of vomiting 
but may occur alone On the other hand, vom- 
iting may occur without nausea, as in certain 
cerebral conditions The sensation is felt in the 
back of the throat or pit of the stomach, and in 
its milder degrees is merely a “sinking” sensa- 
tion in the epigastrium It is frequently asso- 
ciated with vasomotor disturbances and 
sweating Increased tension upon the walls of 
the stomach or duodenum is a potent cause of 
the sensation, and Poulton (1928) has shown 
that it is also induced by distention of the 
lower part of the esophagus During the passage 
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of a peristaltic wave which relieves the tension 
upon the nerve fibers in the esophageal walls, 
the sensation is relieved. Barclay (1933) 
showed, by radioscopy in the human subject, 
that nauseous odors caused the lower border of 
the stomach to descend an inch or two, evi- 
dently as a result of sudden relaxation of the 
abdominal muscles. This movement would tend 
to stretch the esophagus and gastric walls and so 
exert tension upon the nerve endings. The 
stimulus which induces nausea, therefore, is 
apparently the same as that which causes vis- 
ceral pain, but of lower intensity. It is likely 
that the sensations experienced during changes 
in speed of an elevator are also the result of 
tension exerted upon the esophagus and gastric 
walls. Tension is also probably a contributory 
factor in the production of seasickness, being 


brought into play by the pitch and roll of the 
ship. 

The relief of nausea and vomiting by the 
application of counter-irritants to the epigas- 
trium or over the sternum is probably due ei- 
ther to a reflex change in the tone of the gastric 
walls or to the reflex initiation of peristaltic 
contractions. 

The tension upon the nerve endings in the 
latter instance is taken up by the muscle fibers. 
Poulton (1928) observed, for example, that the 
sensations caused by a balloon in the esophagus 
were relieved by vigorous friction of the skin 
over the sternum; contraction of the esophagus 
in some cases, or adjustment of the postural 
tone of the esophageal wall in others, were ob- 
served to accompany the disappearance of the 
sensation. 



/ GASTROINTESTINAL HORMONES 


Some background information on the range 
of actions of gastrointestinal hormones is re- 
quired for a better understanding of the sec- 
tions which will follow on gastrointestinal secre- 
tion and motility 

The great explosion of interest in the prin- 
cipal gastrointestinal hormones has followed 
from their chemical identification, purification, 
and, finally, synthesis These hormones are gas- 
trin (Edkms, 1906), which “primarily” stimu- 
lates the gastric secretion of acid, secretin 
(Bayliss and Starling, 1902), which primarily 
stimulates the pancreatic secretion of bicar- 
bonate and water, cholecystokmin (Ivy and 
Oldberg, 1928), which contracts the gall- 
bladder, and pancreozymin (Harper and Raper, 
1943), which stimulates the pancreatic secretion 
of enzymes 

When these substances were available in pure 
form (Table 2 3), it became clear that pancreo- 
zymin and cholecystokmin, as had been sus- 
pected, are one substance Secondly, pancreatic 
glucagon, secreted by the alpha cells of the is- 

Table 2 3 


lets of Langerhans, was found to resemble the 
other gastrointestinal hormones, especially se- 
cretin, which it rather closely resembles in por- 
tions of its ammo acid sequences Thirdly 
(Table 2 4), the terminal tetrapeptides of gastrin 
and cholecystokmin-pancreozymm are iden- 
tical 

However, the most striking finding was the 
fact that each of the three pure gastrointestinal 
hormones has an effect on each of the four pri- 
mary or identifying actions by which the hor- 
mones were first described Table 2 5 from the 
work of Grossman (1970) sets this out 

Further, as the effects of these four hormones 
were explored, their targets became more and 
more numerous Now the list includes 1) water 
and electrolyte secretion by stomach, pancreas, 
liver, and Brunner’s glands, 2) enzyme secre- 
tion by stomach and pancreas, 3) water and 
electrolyte absorption by ileum and gall 
bladder, 4) release of insulin, glucagon, secre- 
tin, and gastrin, 5) smooth muscle of lower 
esophageal sphincter, stomach, small and large 


Structures of gastrointestinal hormones “ The structure of secretin and gastrin have been confirmed by total synthesis 
Synthesis of the active C-terminal heptapeptide amide of cholecystokmin has also been accomplished 


HUMAN GASTRIN II (17 residues) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Pyr- Gly- Pro- Trp- Leu- Glu- Glu- Glu- Glu- Glu- Ala- Tyr- Gly- Trp- Met- Asp- 

17 

Phe- NH2 HSO3 


PORCINE CHOLECYSTOKININ (33 residues) 

Lys- (Ala, Gly, Pro, Ser)- Aig- Val- (He, Met, Ser)- Lys- Asn- (Asn, Gin, His, Leu 2 , 

Pro, Sera)- Arg- He- (Asp, Ser)- Arg- Asp- Tyr- Met- Gly- Trp- Met- Asp- Phe- NH^ 

I 

HSO3 

PORCINE SECRETIN (27 residues) 
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Ser- 

Arg- 

Leu- 

Arg- 

Asp- 

Ser- 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 






Ala- 

Arg- 

Leu- 

Gin- 

Arg- 

Leu- 

Leu- 

Gin- 

Gly- 

Leu- 

Val- 

NH, 






“ Parentheses indicate positions of cholecystokmin with unresolved ammo acid sequences 
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Table 2 4 

Carboxy-terminal heptapeptide amides The residues are numbered unconventionally that is stnrtmq from C terminus 

7 6 5 1^21 

Gastrin II Ala- Tvr- Glv Tip- Mot Asp- Phe- NH^ 

I 

HSO, 

Cholecvstokinin Tvt- Met- GK '^Prp- Mot- Asp- Phe- 

I 

HSO3 


Table 2 5 

Each of the three pure gastrointestinal hormones has an 
effect on each of the four primary actions by which the 
hormones were first identified'' 

Gastric Pancrea tic Gall- 

Hormone » HCO, Bn- W'^ddor 

/ymes 


Secretin [1 f| I P 

Gastrin ]] f ff [ 

Cholecvsto- |-1 f fl tl 

kinin 


" f, stimulates, |f, stimulates strongly, [, inhibits, 
[J, inhibits strongly, [-[, stimulates alone and inhibits 
when given with gastrin, p, stimulates when given with 
cholecvstokinin 

bowel, gallbladder, and sphincter of Oddi and 
uterus, 6) release of histamine and augmenta- 
tion of histadme decarboxylase activity m gas- 
tric mucosa, 7) ammo acid uptake by gastric 
mucosa and pancreas, 8) growth of gastric 
mucosa and pancreas, 9) some metabolic ac- 
tions lipolysis and glycogenolysis, and 10) car- 
diovascular actions including inotropic and 
chronotropic actions on the heart and effects on 
blood flow in bowel, liver, gastric mucosa, pan- 
creas, and extremities Table 2 6, from the pi- 
oneer work of M I Grossman (1970), details 
the stimulating and inhibiting actions of these 
four hormones as they affect secretion, absorp- 
tion, and muscle contraction 
To order this complex area of data, 
Grossman has hypothesized that the target or- 
gans contain a receptor complex with two units 
—one reactive to gastrin and cholecystokinin, 
and ihe other to glucagon and secretin — and 
that the two sites interact 
The great unsolved problem is whether the 
effects on sites of other than the primary or 
identifying organ have any “physiological” sig- 
nificance, since in some instances, large doses 
must be employed In many, however, the dose 
range seems to fall in the “physiological” one 
In addition to the interaction of hormone 


Table 2 6 

A catalog of actions of four horniones^^ 



( ItiS- 

tnn 

('hole 

C vsto- 
kinin 

Se- 

c re- 

tin 

Glu- 

cagon 

Water electroKte se 
c ret ion 

Stomach 

1 

1 

i 

1 

Pane re<is 

I 

1 

I 

1 

Livei 

1 

I 

I 

I 

BrunnerN glands 

I 

1 

I 

I 

Water electrolyte ab 
sorption 

Ileum 

i 

1 


NT 

Gallbladder 

0 

0 

! 

NT 

Kn/yme sec ret ion 

Stomac h 

1 

1 

1 

0 

Pane reas 

I 

! 

I 

1 

Kndoc nne secret ion 

Sec ret m 

I 

NT 

NT 

N”r 

Gastrin 

KV 


1 

4 

NT 

Insulin 

I 

1 

T 

1 

Glucagon 

0 

! 

0 

N'r 

Smooth muscle 

Lower ehoph<igeaI 

I 

NT 

i 

N'F 

sphincter 

Stomach 

1 

! 

1 

i 

Int estine 

I 

i 

i 

1 

Ileocecal sphme^ter 

1 

I 

NT 

NT 

NT 

Gallbladder 

I 

f 

NT 

Sphincter of Oddi 

1 

! 

1 

NT 

1 

Uterus 

N'T 

NT 

NT 


“ I, stimulates, [, inhibits, 0, no eifecU NT, 
not tested 


with hormone so far discussed, interactions 
between neural effects and hormones on the 
gut are likewise important, especially vagal ef- 
fects These are of two main kinds, the vagal 
release of hormones (especially m stimulation of 
acid secretion) and vagal effects on the action 
of the hormones on the target cells (especially 
the gastric glands), but there is no reason not to 
think that these interactions hold for the re- 
mainder of the gut 



4 /SALIVARY SECRETION 


The Salivary Giands 

Only mammals possess true salivary (diges- 
tive) glands Oral mucous glands, however, are 
found in all terrestrial vertebrates There is 
considerable variation m the number of salivary 
glands and also in the cellular structure of indi- 
vidual glands In addition, the products of se- 
cretion by salivary glands vary not only from 
species to species, but from one salivary gland 
to another in the same animal 

In man, salivary secretion is provided by 
three pairs of glands, the parotid, submaxillary, 
and sublingual glands Also located within the 
oral and pharyngeal cavities are numerous 
other smaller glands that contribute to the pro- 
duction of saliva These smaller glands include 
the lingual mucous glands located along the 
borders and at the root of the tongue, lingual 
serous (Ebner’s) glands located in the vicinity 
of the vallate and foliate papillae of the tongue, 
and numerous small mucous glands in the 
mucous membrane covering the cheeks, hard 
and soft palate, and the walls of the pharynx 

The production of saliva by the salivary 
glands provides the first digestive juice that 
comes in contact with food In addition to con- 
taining salivary amylase that initiates starch 
digestion, the salivary secretions play an impor- 
tant role in oral hygiene, the sensitivity of taste 
perception, the process of deglutition, and also 
serve as a medium for the excretion of certain 
inorganic and organic substances 

GENERAL FORM AND LOCATION 

The parotid glands are the largest of the sali- 
vary glands and in the adult weigh from 20 to 
30 g each The parotid gland is located at the 
side of the face below and m front of the ear 

This gland is enclosed in a sheath which 
limits the swelling of the inflamed gland Be- 
cause of this facial presentation of the gland, 
relatively small degrees of swelling are often 
conspicuous, as in mumps As the anteromedial 
surface of the gland is in intimate contact with 
the masseter muscle and the ramus of the 


mandible, movement of these structures when 
chewing usually aggravates the pain and ten- 
derness of a swollen parotid gland 

The duct system of the parotid gland origi- 
nates in the acini of the gland Ducts from 
neighboring acini join to form ducts of larger 
caliber which unite again to form still larger 
ducts The fine ducts that dram the acini are 
known as intercalated ducts The intercalated 
ducts empty into intralobular ducts and these 
into interlobular or excretory ducts Thus, by a 
progressive convergence of the several orders of 
ducts, the gland’s secretion is conducted finally 
into a single large duct which opens into the 
oral cavity This general arrangement of the 
ductal system is similar to the stem branching 
of a bunch of grapes — the rounded acini at the 
ends of the finest channels corresponding to the 
grapes The term racemose (Latin for bunch of 
grapes) has been applied to glands exhibiting 
such a structure, and acinus (Latin for grape) 
identifies the smallest group of secretory cells of 
such a gland 

The parotid duct (Stensen's duct) emerges 
from the anterior border of the gland near its 
upper end and runs transversely across the sur- 
face of the masseter muscle At the anterior 
border of the masseter muscle, the parotid duct 
abruptly turns medialward, pierces the buccal 
fat pad and the mucosa to open into the oral 
cavity at a point lateral to the crowns of the 
second upper molar The parotid duct is ap- 
proximately 35 to 40 mm long and about 3 
mm in diameter The wall of the duct is tough 
due to the presence of a thick layer of fibrous 
tissue 

The submaxillary glands are shaped some- 
what like a flattened walnut and weigh 8 to 10 
g each They are located in the submaxillary 
triangle medial to the mandible Like the par- 
otid glands, the submaxillary glands have a 
racemose structure The duct system is similar 
to that of the parotid glands and collects in a 
large, single submaxillary duct known as Whar- 
ton's duct The submaxillary duct emerges from 
the deep surface of the gland and runs forward 
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and inward to reach the floor of the mouth It 
opens bv a small orifice on the summit of a soft 
papilla known as the caruncula 'sublingualis bv 
the side of the frenulum of the tongue The 
submaxillarv duct is 40 to 50 mm in length 
and the walls of the duct are relatively thin 
The sublingual glands are the smallest of the 
paired salivary glands and weigh from 2 to 3 g 
each The sublingual glands are elongated in 
shape and he immediately under the mucous 
membrane of the floor of the mouth under the 
tongue The structure of the sublingual gland is 
also racemose Instead of being drained bv a 
single, large duct, the sublingual glands are 
drained by 5 to 15 or more small, short ducts 
{ducts of Rwinus) that arise from the upper 
border of the gland and open on small papillae 
along the crest of the plicae sublingualis The 
anterior portion of the gland is often drained 
by a single, larger duct, also known as Barthol- 
in's duct, which opens alongside the submaxil- 
lary duct on the sublingual caruncle Unlike the 
parotid and submaxillarv glands, the capsule of 
the sublingual glands is poorly developed 

MICROSCOPIC ANATOMY 

The racemose structure of the salivary glands 
IS found on histological section to consist of 
acini, a tubule system, and excretory ducts 
The secreting epithelium of the acini is com- 
posed of two types of cells, mucous and serous, 
that can be differentiated from one another on 
the basis of nuclear appearance and staining 
reactions The nucleus of the mucous cell is 
small, dark-stamed, indented and compressed 
against the lower pole of the cell The serous 
cell possesses a larger, centrally placed vesicular 
nucleus Four different types of cells may be 
distinguished in the lining of the salivary ducts 
In addition, my o- epithelial cells which have 
been described in detail by Zimmerman (1927) 
have been demonstrated between the basal 
membrane of the acini and ducts 
Acinar Structure The acini of the salivary 
glands are composed of cells that are more or 
less pyramidal in shape The apices of adjacent 
cells of an acinus converge upon a minute cen- 
tral lumen, the basal aspects of the cells form 
the periphery of the acinus The central lumen 
IS continuous with that of the excretory duct 
system 

The acini of the parotid gland in man con- 
sists entirely of serous cells. Parotid secretion 
collected separately from the other salivary 


glands has a characteristic water\ character or 
serous secretion In man, submaxillarx gland 
serous and mucous elements are seen in a ratio 
of about 4 1 More often than not the mucous 
acini are “capped” bv a single la\er of flat- 
tened serous cells, referred to as serous demi- 
lunes (Fig 2 8) The secretion of the serous 
demilune is believed to reach the lumen of the 
acinus b\ means of small canahcuh between the 
mucous cells The acinar stmcture of the sub- 
lingual glands IS similar to the sub maxillary 
gland except that the ratio ol serous to mucous 
elements is about I 4 

The mucous cells have large translucent 
granules which readily transmit light, so that m 
thin sections the\ appear tiansparent The 
serous cells have small granules that are more 
opaque and appear darker in sections than the 
mucous cells The serous cells secrete a thin, 
water\ fluid containing the starch-splitting 
enzvme, amvlase, also known as pt\a!in 

The mvo-epithelial, or basket cells, are flat 



The mucous cells are lightly stained and appear trans- 
parent The serous cells are darker and some appear as 
demilune cells in the upper left area of the microscopic sec- 
tion The insert is an oil immersion view showing zymogen 
granules m serous cells (From Stormont 1932) 
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and somewhat star-shaped with long processes, 
and, as previously mentioned, he between the 
basement membrane and the secretory cells of 
the acinus They are also found in the intralob- 
ular salivary ducts between the basement 
membrane and the cells lining the lumen The 
myo-epithehal cells are modified epithelial cells 
and are thought to have a contractile function, 
although there is no clear evidence of this The 
my 0 - epithelial cells of the salivary glands ma> 
serve a function similar to the myo-epithelial 
cells of the mammary gland In the mammary 
gland, these cells are well developed and it has 
been established that their contraction results 
in the expulsion of preformed milk from the 
ducts This IS observed in the lactating breast 
and IS known as “let down ” It has been ob- 
served that stimulation of the sympathetic 
nerve supply to the salivary glands sometimes 
causes a sudden gush of saliva from the gland 
This suggests that some previously secreted sa- 
liva is being expressed from the ducts by con- 
traction of the myo-epithehal cells 
The cytoplasm of both the serous and mucous 
cells show a glandular structure The fine gran- 
ules of the serous cells are believed to furnish 
the enzymes of the secretion and are called 
zymogen granules The mucmogen granules of 
the mucous cells provide the mucin that ren- 
ders the secretion viscous When the glands are 
in a resting state, the granules accumulate and 
the fine zymogen granules may load the cyto- 
plasm to such an extent that the nucleus is 
almost obscured The concentration of secretory 
granules, mucous as well as serous, is low soon 
after meals and gradually increases prior to the 
next meal The ultmstmcture of the serous cells 
of the salivary glands has been found to be 
quite similar to the acinar cells of the pancreas 
Nerve fibers have been observed penetrating 
the basement membrane of a salivary acinus 
and ending as fine filaments on the basal sur- 
face of the acinar cells (Scott and Pease, 1957) 
The electron microscope reveals the myo-epi- 
thehal cell to have a close resemblance to a 
smooth muscle cell (Porter, 1954) This simi- 
larity tends to support the theory that the myo- 
epithelial cells have a contractile function 
Ductal Structure Four different types of cells 
are found in the salivary ducts In the interca- 
lary ducts that lead directly away from the al- 
veoli, the epithelium is cuboidal in character 
These small cuboidal cells are practically filled 
by a large nucleus The cytoplasm is scanty and 


rarely are any cytoplasmic granules observed 
The intralobular ducts are lined by columnar 
cells that present a peculiar rod-shaped appear- 
ance, resembling in this respect, some of the 
cells of the renal tubules These cells have a 
centrally placed nucleus and there is a marked 
striation of the basal one-third of the cell Elec- 
tron micrographs reveal that the marked stria- 
tion observed by the light microscope in the 
basal third of the columnar cells lining the in- 
tralobular ducts IS due to the alignment of mi- 
tochondria by mfoldmgs of the plasma mem- 
brane This arrangement, which greatly in- 
creases the surface area of the cell, suggests 
that it facilitates the transport of materials into 
or out of the cells The interlobular or excretory 
ducts of the salivary glands are lined by a two- 
layered epithelium composed of a columnar 
superficial layer and a flattened deep layer 
This type of lining of the excretory ducts is 
continued to near the termination of the duct, 
where it empties into the mouth At this point, 
the lining of the duct changes to a layeied, 
stratified, squamous epithelium The fact that 
the cells that line the various portions of the 
salivary ducts differ in structure suggests that 
their functions may be different The rod- 
shaped epithelium of the intralobular ducts is 
particularly suggestive of a secretory or reab- 
sorptive function 

INNERVATION OF THE SALIVARY GLANDS 

The salivary glands are supplied with ef- 
ferent nerves from both the parasympathetic 
and sympathetic divisions of the autonomic 
nervous system Functions regulated by the 
parasympathetic nerve supply are secretion by 
the acinar cells and vasodilation of the blood 
vessels Functions regulated by the sympathetic 
nerve supply include vasoconstriction of the 
vascular supply, and, presumably, contraction 
or motor function by the myo-epithehal cells 

The origin of the parasympathetic nerve 
supply IS in bulbar centers, which consist of a 
group of nerve cells which run forward from the 
anterior end of the glossopharyngeal nucleus to 
the sensory nucleus of the facial nerve The 
anterior (rostral) part is termed the superior 
salivary nucleus, and governs secretion by the 
submaxillary and sublingual glands, the poste- 
rior (caudal) part, called the inferior salivary 
nucleus controls secretion by the parotid gland 

The submaxillary and sublingual glands re- 
ceive secretory impulses through the chorda 
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t\mpani nerve The preganglionic fibers carried 
by the chorda tympani end in the submandib- 
ular ganglion by making synapse with the cell 
bodies of the neurons of the ganglion The 
axons arising from the latter constitute the 
postganglionic fibers which terminate by fine 
arborizations around the serous cells of the 
submandibular gland (Figs 2 9 and 2 10) 



Fig 2 9 Distribution of parasympathetic secretory 
nerves to celts and blood vessels of submaxillary gland of 
rabbit (From Stormont 1932) 



Fig 2 10 Diagram of the parasympathetic nerve 
supply of the salivary glands S S-N superior salivatory 
nucleus l-S-N inferior salivatory nucleus S-G submaxil- 
lary ganghon T-P tympanic plexus 


The parasympathetic or bulbar fibers to the 
parotid gland arise in the medulla from the in- 
ferior salwar\' nucleus They pursue the first 
part of their course in the ^loswpharyngeal 
nerve The fibers then are conveyed to the otic 
ganglion There they communicate with gan- 
glion cells from which postganglionic fibers 
arise that innervate the acinar cells 

The sympathetic nerve supply (preganglionic 
fibers) to the salivary glands is derived from the 
lateral horn within the first and second thoracic 
segments of the spinal cord Axons from the 
lateral horn cells leave the cord via the ventral 
roots, enter the paravertebral sympathetic 
trunk, and continue craniad to the superior 
cervical ganglion where synapse is made with 
the cell bodies of the second order neuron 
From the latter, axons arise and follow the ex- 
ternal carotid artery to the parotid gland 
Whether or not these fibers innervate more 
than vascular musculature is a moot question 

Afferent nerve fibers from the salivary glands 
are found in the chorda tympani and the glos- 
sopharyngeal nerves These fibers carry pain 
impulses from the salivary glands Claude Ber- 
nard (1858) showed that stimulation of the 
submaxillary gland m a nonanesthetized dog 
caused evidence of pam Swelling of the gland, 
as occurs in mumps or when the mam salivary 
duct is obstructed, is also known to be painful 

BLOOD SUPPLY AND LYMPHATIC 
DRAINAGE 

Blood flow within the salivary glands, as we 
shall see later, has an intimate relationship to 
the process of salivary secretion The arterial 
supply to the parotid gland is from the poste- 
rior auricular artery The arteries to the sub- 
maxillary gland are derived from the external 
maxillary (facial) and lingual arteries, while the 
arterial supply to the sublingual gland is sup- 
plied from the sublingual and submental ar- 
teries In the case of the submaxillary and sub- 
lingual glands, the mam arterial supply enters 
the gland at the hilus The parotid gland does 
not have a well-defined “hilus,” and, corre- 
spondingly, point of entrance of its arterial 
supply IS subject to variation 

Within the gland substance, the arterial 
supply travels with the interlobular ducts into 
the lobules Within the lobules, the arteries 
break up to form a rich capillary plexus about 
the ducts Consistent with the observation that 
the ducts perform active transport functions is 
the fact that the vascularization of the ducts is 
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much richer than that of the acmi Arteriove- 
nous anastomoses similar to the juxtaglomer- 
ular vessels in the kidney have been described 
by Spanner (1937) The function of such arteri- 
ovenous anastomoses is not known The capil- 
lary plexuses about the alveoli and ducts collect 
m venules which, in general, accompany the 
ducts out of the lobules Near the hilus of the 
gland, Spanner has described large sacculated 
veins which he suggests serve a reservoir func- 
tion and tend to back up pressure in the capil- 
lary circulation during secretory activity Be- 
cause of this suggested function, these saccu- 
lated, venous structures have been referred to 
as ‘‘throttle” veins Similar veins are found in 
the penis In studies on the circulation within 
the salivary glands, Burgen and Seeman (1958) 
have found that most of the blood perfusing the 
gland went to capillaries in the duct system 
and that the flow in these was mainly counter- 
current to the flow of the saliva 

Lymph spaces are found around the acini 
which dram into lymphatics that accompany 
the ducts and vessels Lymphatic drainage from 
all of the salivary glands is into the superficial 
and deep cervical glands 

Formation of Saliva 

The mechanisms of salivary secretion that 
result in the formation of saliva have been 
studied extensively but still are only incom- 
pletely understood It was thought that the 
formation of saliva was accomplished by proc- 
esses similar to those that result in the produc- 
tion of urine by the kidney It was assumed 
that saliva was an ultrafiltrate of the blood 
The ultrafiltration theory was disproved by 
Ludwig (1851) when he showed that the sub- 
maxillary gland could secrete against a pressure 
greater than its arterial blood pressure 

It is now recognized that the mechanism of 
salivary secretion is one that requires energy for 
the production and secretion of organic sub- 
stances by the acinar elements and for the “ac- 
tive transport” of inorganic substances across 
cell membranes against concentration gradients 
by the duct epithelium 

The evidence that salivary secretion is a 
process that requires energy has been accumu- 
lated m a number of ways Northup (1935) has 
shown that the salivary gland utilized a meta- 
bolic process to obtain energy for the work of 
secretion that is in many ways similar to that of 
muscle 

The respiratory quotient (RQ) of slices of 


maxillary gland suspended in Ringer’s solution 
was found by Deutsch and Raper (1938) to be 
between 0 6 and 0 8 When they added acetyl- 
choline and eserine to the Ringer’s solution, the 
rate of respiration was increased, but in the 
absence of glucose, the RQ did not change If 
glucose was added to the slices during incuba- 
tion, the RQ increased to 1 0 Epinephrine had 
an effect similar to that of acetylcholine 

Barcroft (1914) found oxygen consumption 
for the resting submaxillary gland of the dog to 
be from 22 to 27 yul /g /mm In the submaxillary 
gland of the cat, Stromblad (1957) obtained a 
value of 20 ^ /g /min When the gland is stim- 
ulated by injecting acetylcholine or by para- 
sympathetic stimulation, the oxygen consump- 
tion increases to 130 to 175 /J /g /mm Atro- 
pine can block the metabolic effects of acetyl- 
choline Metabolic poisons such as cyanide, 
lodoacetate and fluoride are also capable of 
blocking the metabolic effect of acetylcholine 

It has also been shown (Hokm and Hokm, 
1959) that acetylcholine and epinephrine will in- 
crease the incorporation of radioactive phos- 
phorus into the phospholipids of the rabbit par- 
otid and submaxillary and m guinea pig par- 
otid gland slices Atropine and ergotamine are 
capable of blocking this effect A large propor- 
tion of the total respiration of the salivary 
glands must be attributed to the duct epithe- 
lium since these cells possess mitochondria m 
very high concentration 

It IS now recognized that the intralobular 
ducts contribute considerably to the formation 
of saliva Since saliva is hypotonic to blood 
serum, this must be accounted for either by the 
reabsorption of electrolytes m the ducts or by 
the lack of transfer of electrolytes into the sa- 
liva across the cellular membrane To elucidate 
the role of the salivary ducts m the formation of 
saliva, Burgen and Emm elm (1961) devised an 
ingenious method to demonstrate the site of 
entry of various substances into the saliva by 
the ductal epithelium The method consisted of 
rapidly injecting a small amount of an isotope 
into the arterial blood supply of the salivary 
gland when the gland is secreting at a steady 
state The appearance of the isotopic substance 
m the collected saliva is then determined The 
amount of isotope used is quite small and thus 
the secreting gland is exposed to the isotope 
only briefly After passage through the gland, 
the isotope is diluted m the animal’s blood and 
body fluids 

The appearance time of the isotope m the 
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sdiiva IS only a matter of seconds and is an indn 
cation of the site of its passage across the ductal 
epithelium to enter the saliva Thus, the more 
rapid the appearance of the substance m the 
saliva, the larger the order of duct representing 
the site of transfer When two or more isotopic 
substances are injected simultaneously, the 
same relationship holds, i e , the substance that 
appears first in the saliva was transported by 
the ductal epithelium at a point along the duct 
system that is distal to that at which the other 
substance was transported Using this tech- 
nique, the appearance time of water, chloride, 
bromide, iodide, sulfate, bicarbonate, sodium, 
potassium, urea, and four amino acids have 
been determined m parotid saliva of the dog 
None of the four ammo acids, valine, methio- 
nine, isoleucme and tyrosine, nor sulfate were 
detected in any appreciable amounts in the sa- 
liva All of the other isotopes appeared after a 
more of less brief latent period of 2 to 10 sec 
Following the appearance of the isotopic sub- 
stance, its concentration rapidly increased to a 
peak in 5 to 6 sec , then gradually declined 
during the next 2 to 3 mm (Fig 2 11) 

Isotopic water appeared first m the saliva, 
indicating that it was capable of being trans- 
ported across the ductal epithelium at a more 
distal site than any of the other substances 
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Fig 2 11 Secretion patterns of various isotopic sub 
stances after injection into the arterial blood supply of the 
parotid gland of the dog The appearance of the isotopes 
was determined in single drops of saliva secreted by the 
gland Note that tntiated water and bicarbonate appeared 
first and urea last Except for potassium the outflow 
curves of all other substances were similar (re-drawn from 
Burgen and Eimmelin 1961) 


Bicarbonate was found to enter the saliva at 
the same point as water and had a similar time 
concentration pattern Chloride and bromide 
appeared next, indicating that they entered the 
saliva through the epithelium of somewhat 
smaller ducts than those of water and bicar- 
bonate Sodium and potassium ranked third in 
order of appearance, iodide and urea, fourth It 
will be noted from Figure 2 11 that the declining 
slope of the potassium curve after it reaches a 
peak IS quite slow This slow decline of the po- 
tassium concentration is taken as evidence that 
potassium is also secreted into the saliva by the 
acinar cells 

The fact that anions can enter the ducts at a 
more distal site than cations suggests that an- 
ionic exchange may occur at this point If cat- 
ions are unable to enter the duct at some point, 
the only explanation of anion entry would be 
by an anionic exchange mechanism It will be 
discussed later that there is a reciprocal rela- 
tionship between bicarbonate and chloride that 
is controlled by the arterial PcOg The bicar- 
bonate-chloride exchange may occur m the 
more distal part of the salivary ducts 

Composition of Saliva 

The composition of saliva consists mainly of 
water, inorganic constituents commonly found 
in the plasma, and certain organic constituents 
The variability of the composition of saliva is 
accounted for by the fact that the different sali- 
vary glands contribute different constituents 
and the final composition is adapted to stimuli 
evoking the secretion In addition, the concen- 
tration of many of the common inorganic con- 
stituents depends upon flow rate 

VOLUME AND FLOW RATE 

In man, the amount of saliva secreted m 24 
hr amounts to 1000 to 1500 ml (about 1 
ml /min ) A large proportion of this 24-hr 
volume IS secreted at mealtime, when the secre- 
tory rate is highest In the absence of stimula- 
tion, as during sleep, the secretory rate is low 
and may not exceed 0 25 ml /min Schneyer 
and Levin (1955) have determined that under 
‘Testing” conditions the parotids contribute 
approximately 25T, the submaxillary gland 
70T, and the subhnguals 5 Uj In the dog, the 
maximum secretory rate of the parotid gland is 
approximately 0 5 ml /g of gland/mm , whereas 
the maximum rate of the submaxillary gland is 
approximately 1 ml /g of gland/min 
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Ordinary mixed saliva contains about 99 5^c 
water and 0 total solids The specific 
gravity of mixed saliva is usually between 1 002 
and 1 012 The osmolarity of saliva from all of 
the salivary glands in man is slightly h 3 T 3 otonic 
to that of plasma Thus, some osmotic work is 
required for the secretory process The osmo- 
larity of saliva can be increased by dehydration 
and decreased by subsequent hydration 

REACTION 

Human mixed saliva is slightly acid in reac- 
tion In a large series of normal persons, Starr 
(1922) found the pH of mixed saliva to vary 
between 5 75 and 7 05 The pH of saliva is 
dependent mainly upon the relative concentra- 
tions of free and combined CO 2 , that is, upon 
the ratio of HaCOa/NaHCOg Thus, for the 
true pH value to be obtained, the juice must be 
collected without loss of CO 2 The older figures 
in the literature of 7 50 to 8 00 for the pH of 
saliva are too high, the precaution to prevent 
loss of CO 2 was not taken The pH of the saliva 
vanes directly with the CO 2 content of the 
blood This means that when the CO 2 tension 
in the blood is high, more CO 2 finds its way 
into the salivary secretion to lower its pH and 
vice versa Force breathing causes a lessened 
amount of CO 2 m the saliva and, consequently, 
a rise in its pH 

The bicarhonates, and to some extent, the 
phosphates, act as ‘"buffers” in saliva This 
buffering action is such that the pH of saliva 
remains relatively constant under all ordinary 
conditions Even when relatively strong solu- 
tions of acid or alkali are introduced into the 
mount, the reaction, except for such a short 
period, IS not altered 

INORGANIC CONSTITUENTS 

Bicarbonate concentrate in saliva increases 
with salivary flow At low rates of secretion, the 
bicarbonate concentration may be from 5 to 10 
mEq Alter With increased rates of secretion, 
the bicarbonate concentration exceeds that of 
the serum In human parotid saliva, the bicar- 
bonate concentration may go as high as 60 
mEq Alter Sublingual saliva has a low bicar- 
bonate concentration Salivary bicarbonate is 
derived from both gland metabolism and the 
transfer of bicarbonate from the plasma to the 
saliva 

With changes in bicarbonate concentration, 
there is a reciprocal change in the chloride con- 


centration and the total anionic concentration 
IS not markedly altered Thus, with an in- 
creased arterial PCO 2 , bicarbonate enters the 
saliva and exchanges for chloride The site of 
this anionic exchange is probably in the more 
distal parts of the striated salivary ducts 

Phosphate concentration in saliva is about 
twice that of plasma and relatively independent 
of flow rate Approximately 80 of the phos- 
phate IS present as inorganic phosphate The 
organic phosphate in saliva is acid-soluble and 
partially split by phosphates 

Chloride concentration of saliva from dif- 
ferent glands may show considerable variation 
In general, there is nearly a linear relationship 
between the chloride concentration and flow 
rate (see Fig 2 12) At all flow rates, however, 
the salivary chloride concentration is below that 
of plasma and may vary between 5 and 70 
mEq Alter An exception to this general obser- 
vation IS sublingual saliva from the cat, which 
has a higher chloride concentration than that of 
plasma Sublingual saliva of man has a higher 
chloride concentration than parotid or submax- 
illary saliva 

In patients with salt depletion, there is 
usually little change in the salivary chloride 
Thus, the salivary chloride concentrations tends 
to be independent of plasma chloride concen- 
tration 

Salivary secretion of bromide is similar to 
that of chloride However, the salivary/plasma 
ratio tends to be slightly higher Little is known 
about the secretion of fluoride by the salivary 
glands except that it is secreted in the saliva at 
a lower concentration than the other halides 
McClure (1941) has reported that the salivary 



Fig 2 12 Relationship between concentrations of so- 
dium potassium chloride, and bicarbonate in human 
parotid saliva and rate of salivary flow Plasma concentra- 
tions of the ions are also shown (From Thaysen et al 
1954) 
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concentration of fluoride m children is from 
0 006 to 0 015 mEq Alter Because of the rela- 
tionship of fluorides to dental caries, more in- 
formation IS needed on the salivary secretion of 
fluoride 

Sodium concentration in saliva is highly de- 
pendent upon the rate of saliva flow At low 
flow rates, the concentration may be less than 5 
mEq Alter, whereas at high flow rates, it may 
exceed 100 mEq Alter Thus, it is impossible to 
give a “normal” sodium concentration for sa- 
liva Resting saliva in normal children contains 
from 2 to 15 mEq Alter of sodium In children 
with cystic fibrosis of the pancreas, the sodium 
concentration is increased and reaches levels 
from 20 to 45 mEq Alter 

Potasuum concentration of saliva is relatively 
high and exceeds that of the blood plasma All 
of the mam salivary glands of man secrete po- 
tassium at a concentration higher than that of 
plasma Ordinary mixed saliva usually contains 
8 to 20 mEq Alter of potassium which is 1 5 to 
4 times the concentration m plasma Values as 
high as 50 to 60 mEq Alter have been found in 
the submaxillary and sublingual saliva of rats 
The potassium concentration of saliva resulting 
from sympathetic stimulation is about twice 
that obtained with parasympathetic stimula- 
tion 

The concentration of calcium m human par- 
otid saliva, like sodium, increases with flow 
rate At high flow rates, a concentration of 3 to 
4 mEq Alter may be found 

ORGANIC CONSTITUENTS 

Salivary proteins account for the physical 
charactenstics of saliva Parotid saliva has a 
low viscosity and is watery in character, 
whereas submaxillary saliva usually is viscous 
and sticky due to its mucoprotein content 
With increasing flow rates, the concentration of 
protein increases However, with prolonged 
stimulation, the quantity of protein secreted 
per unit of time progressively decreases This 
suggests that protein production by the salivary 
glands IS relatively slow compared with the rate 
of protein secretion Stimulation of the sympa- 
thetic nerves to the submaxillary gland of the 
cat or dog produces a saliva rich m proteins 
The concentration and character of the proteins 
differ from that obtained by parasympathetic 
stimulation 

The proteins are extremely complex in nature 
and the older classification into albumins and 


mucins IS inadequate Electrophoretic, ultra- 
centrifugation and immunological methods 
have been used m attempts at identification 
and classification of salivary proteins The elec- 
trophoretic pattern of salivary proteins differs 
greatly from that of serum In human parotid 
saliva, the mam electrophoretic peak is amy- 
lase In submaxillary saliva, the ma]or compo- 
nent IS a mucoprotein of low mobility 

Free amino acids are found in saliva Their 
concentrations are usually 10 to 20^ of the 
plasma levels When plasma levels of free 
ammo acids are raised, the concentration of the 
amino acids increase m saliva Urea, uric acid 
and creatinine are also found in saliva 

Amvlase is the mam digestive enzyme of 
parotid saliva m man Amylase is also found in 
the saliva of apes, rabbit, guinea pig, rat and 
mouse Very little amylase is found m parotid 
and submaxillary saliva of the dog, cat, cow, 
horse, sheep, and goat Apparently, starch 
digestion by salivary amylase is not too impor 
tant in some animals Amylase can be crystal 
hzed from saliva by successive acetone and 
ammonium sulfate precipitation The optimum 
pH of amylase is 6 9 to 7 1 and requires chlo- 
ride ions for its activation The Ca ' ‘ ion is also 
required for the activation of amylase Each 
mole of amylase contains 1 gram atom of cal- 
cium, which, if removed, inactivates the amy- 
lase 

On acrylamide electrophoresis, crystalline 
salivary amylase has been demonstrated to con- 
sist of a number of isoamylases There is 
usually a major amylolytic band and up to five 
minor amylolytic bands The number cif isoain- 
ylases in parotid saliva may vary from three 
to six m different individuals (Hail, Gulig, 
Hightower, 1969, Boettcher and de la Lande, 
1969) The isoamylases have a molecular weight 
of approximately 50,000 

Lysozyme is an interesting enzymatic sub- 
stance found m saliva This enzyme, which 
appears to be a mucoprotein, has the ability of 
lysing certain bacteria Lysozyme is bacterio- 
lytic for organisms belonging to the genera Ba- 
cilluSy Micrococcus, Staphylococcus, Strepto- 
coccus, Proteus, and Brucella 

Two additional organic "constituents of saliva 
that are of interest are kallikrein and the spe- 
cific blood group substances When saliva is 
injected intravenously into an animal, it pro- 
duces a fall in blood pressure for a brief period 
The substance responsible for this has been 
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found to be due to kallikrein, an enz 3 nne that 
acts on plasma protein to produce a vasodilator 
polypeptide This polypeptide is known as kal- 
lidm or bradykmin It has been suggested that 
the vasodilation In the salivary gland during 
secretory activity is due to kallikrein release 
The soluble specific blood group substances 
found in saliva have the same characteristics as 
the agglutinogen on the erythrocyte These sub- 
stances can be demonstrated by the direct pre- 
cipitin reaction with type specific sera In man, 
the A, B, O and Le^ substances have been 
demonstrated The concentration of the blood 
group substances in saliva is from 10 to 20 
mg Alter It appears that most of the blood 
group substances come from the mucous cells of 
the submaxillary gland whereas little is pro- 
duced by the parotid 

Glucose is normally absent from saliva and 
even in patients with diabetes, none or only 
small amounts are found 

Control of Salivary Secretions 

Saliva IS secreted continuously, but the rate 
of secretion may vary greatly due to the influ- 
ence of conditions that are capable of stimu- 
lating or inhibiting the process of secretion 
The continuous secretion of saliva in the ab- 
sence of any known stimulating factors is called 
‘‘spontaneous” or “resting” secretion The con- 
tinuous or spontaneous secretion of saliva is 
important in keeping the mucous membrane of 
the mouth and the pharynx moist at all times 
Examples of spontaneous or continuous salivary 
secretion in animals include the parotid gland 
of the sheep and ox and the sublingual gland of 
the cat The mechanism of spontaneous secre- 
tion IS not known but it has been suggested 
that it IS due to the constant release of minute 
amounts of acetylcholine within the gland 
However, atropine has no effect on this type of 
secretion 

During mastication of food the rate of sali- 
vary secretion is greatly increased The char- 
acter of the secretion is adapted in some degree 
to the type of food undergoing mastication 
During sleep the rate of salivary secretion is low 
and accounts for the dry mouth many experi- 
ence on waking up in the morning Sexual ex- 
citement in many animals is associated with an 
increase in salivary flow 

There are two main ways of controlling secre- 
tion of the digestive glands one through the 
nervous system and the other by means of hor- 


mones In the case of the salivary glands, it is 
believed that the control is exclusively through 
the nervous system At any rate, all efforts to 
date to find a salivary hormone have failed 

REFLEX SECRETION OF SALIVA 

The secretion of saliva is brought about re- 
flexly in two ways either through the stimula- 
tion of the nerves of the mouth by the presence 
therein of food or other substances, or by the 
stimulation of some organ of special sense other 
than that of taste The former t 3 ^e of reflex is 
termed unconditioned or inherent, the latter, 
conditioned or acquired A reflex of one type 
does not, of course, exclude the other and, as a 
matter of fact, both are called into play to- 
gether under ordinary circumstances 

In addition to the unconditioned salivary re- 
flex brought about by materials placed in the 
mouth, the salivary glands can be excited 
readily by the artificial stimulation of afferent 
nerve supplying structures in the mouth The 
conditioned salivary reflex depends upon af- 
ferent impulses arising from outside the oral 
cavity 

The Unconditioned Salivary Reflex. Mate- 
rials placed in the mouth call forth, after a 
short latent period (2 to 3 sec ), a secretion of 
saliva which varies in quantity and quality with 
the physical and chemical nature of the sub- 
stance introduced The effect which sensations 
of taste produce upon the secretion of saliva are 
well known Among edible substances, those, 
generally speaking, which are the most palat- 
able or arouse the sensation of taste with the 
greatest intensity are the most potent salivary 
stimulants Materials, especially acids, which 
are entirely inedible will, if unpleasant to the 
taste, cause profuse salivation In these in- 
stances, the secretions depend mainly upon the 
stimulation of the taste fibers, and the stimulus 
is chemical in nature Materials such as dry 
sand, inedible powders (whether soluble or in- 
soluble) or any other material which is capable 
of stimulating in a purely physical way will 
evoke a secretion. The mere movements of the 
jaws and of the tongue over the mucosa of the 
mouth will have such an effect A secretion 
occurs when any substance is chewed, whether 
or not it is edible or possesses taste The ma- 
nipulations of the dentist, the contact of his 
instruments with the oral mucosa, or the 
grinding of a tooth are familiar and effective 
salivatory stimuli The salivary glands thus can 
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be readily e:s.cited by the artificial stimulation 
ot afferent nerves supplvin^ structures in the 
mouth 

The reflexes are brought about through the 
salivary centers The efferent limbs of the reflex 
arcs, including the secretory fibers of the 
chorda tympani and the tympanic branch of 
the glossopharyngeal nerves The afferent path- 
ways are represented m the trunks of the 
chorda tympani, the pharyngeal branches ot the 
yagus and glossopharyngeal neives, and the 
lingual, buccal, and palatine branches of the 
trigeminal nerve 

The Conditioned or Acquired Reflex. The 
secretion which flows into the empty mouth 
when “the mouth waters” is a conditioned re- 
flex The stimulus which initiates such a reflex 
IS not applied to the nerves ot the mouth, but is 
received by one or other of the organs ot special 
sense, particularly those of sight and smell A 
conditioned reflex may also be elicited through 
the sense of hearing, or through sensory impres- 
sions arising from stimuli applied to the skin 
In brief, a conditioned reflex is one m which 
the cerebral centers play an essential part, and 
m which training and experience are the basis 
for the development ot the reflex process 

ADAPTABILITY OF THE SALIVARY REFLEX 

It has been mentioned previously that saliva 
varies in both quantity and quality with the 
physical and chemical nature of the substance 
stimulating the secretion This remarkable 
adaptability or purposeful character of the sali- 
vary reflex was observed by Pavlov (1910) and 
later confirmed by Babkin (1950) The physical 
and chemical qualities of the juice, to some 
extent, are conditioned by the agent evoking 
salivation For instance, if clean pebbles are 
placed in a dog’s mouth, they are expelled — 
merely allowed to drop out of their own weight 
Little or no secretion occurs, since none is re- 
quired, but if the stones are crushed and given 
as a powder, a profuse water salivation follows 
to rid and cleanse the mouth of the useless ma- 
terial The juice, in this instance, is poor m 
organic material and resembles that obtained 
upon electrical stimulation of the chorda tym- 
pam nerve or of the parasympathetic fibers to 
the parotid Strong acid produces an abundant 
saliva which, according to Pavlov, is relatively 
rich m proteins, this exerts a buffer action which 
reduces or annuls the injurious effect of the 


acid The salivary response provides a lubricant 
which IS cunousK appropriate in volume and 
viscosity for the food to be swallowed A chunk 
of meat, given to a dog, is very quickly coated 
with a viscous mucin-rich saliva and swallowed 
It the meat is fust dried and powdered, or if a 
clued biscuit is fed to the animal, an abundant 
watery saliva is produced such as is character- 
istic ot parotid saliva 

PARALYTIC SALIVARY SECRETION 

Claude Bernard observed in 18G4 that if he 
cut the chorda tympani nerve in a dog or a cat, 
m about 24 hr the submaxillary gland began to 
produce a scanty secretion of thin, turbid sa 
liva, the turbidity was due to the presence of 
leukocytes The secretion increased until the 
7th or 8th day, at which time it reached a pla 
teau and began to dimmish about the 3rd 
week It stopped some 6 weeks after the nerve 
was cut During this time the gland increased 
in size, and no secretion could he obtained on 
stimulation of the mouth Stimulation of the 
sympathetic, however, produced a flow of sa- 
liva Division of the sympathetic nerve or extir- 
pation of the cervical ganglion did not evoke a 
paralytic secretion Itawlinson (1935) repeated 
these observations in Babkin’s laboratory and 
found, on examination of the gland, that there 
was evidence of secretory activity during the 
paralytic secretion in the serous cells More- 
over, these cells were more excitable than 
normal on stimulation by adrenalin or on elec- 
trical stimulation of the sympathetic nerves 
Evidently, cutting the chorda tympani causes 
some alteration m the gland acmi which greatly 
increases the excitability of the sympathetic 
nerve endings on the serous or demilune cells 
Emmelin (1952) points out that only under 
conditions where a pronounced supersenaitivity 
has been established by denervation and an 
increase m release of epinephrine occurs does 
paralytic secretion exist Removal of the ad- 
renal glands from the animal or the injection of 
sympatholytic agents such as dihydroergot- 
amine abolishes paralytic secretion Thus it 
appears that paralytic secretion is due to 
epinephrine secreted by the animal’s supra- 
renal glands, and that the degree of response 
will depend upon the level of sensitivity of the 
denervated salivary gland Atropine has no 
effect on paralytic secretion 
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Saifl^ac^y Response to EieeHracai 
Stir^nyii] 

The importance of neural mechanisms in the 
control of salivary secretion has long been rec- 
ognized, thus, experimentation by applying 
electrical stimulation to the parasympathetic 
and sympathetic nerves supplying the salivary 
glands has contributed greatly to our knowl- 
edge of salivary secretion Histological and 
electrical changes can be produced m the 
acinar cells by electrical stimulation In addi- 
tion, stimulation of the salivary nerves may af- 
fect structures other than the secreting cells 
and thus modify secretion For instance, 
marked vascular changes within the gland can 
result from electrical stimulation In addition, 
electrical stimuli can presumably cause contrac- 
tion of the myo-epithelial cells and produce a 
temporary acceleration of the flow of saliva 
being secreted 

Electrical stimulation of the nerves to the sal- 
ivary gland produces different results in dif- 
ferent species of animals Stimulation of the 
parasympathetic nerves usually produces an 
abundant flow of quite watery saliva regardless 
of the gland or species studied Stimulation of 
the sympathetic secretory fibers to the submax- 
illary or sublingual glands, although causing an 
abundant secretion in the cat, causes only a 
scanty and very viscid secretion in the dog 

PARASYMPATHETIC STIMULATION 

Stimulation of the parasympathetic nerve 
supply to the salivary glands produces a prompt 
and abundant flow of watery saliva from the 
gland Vascular vasodilation within the gland 
also occurs The secretory effect of parasym- 
pathetic stimulation was discovered by Ludwig 
(1851) when he observed a flow of saliva from 
the submaxillary gland on stimulation of the 
chorda tympani nerve The vasodilator effect, 
associated with chorda tympani stimulation, 
was described by Claude Bernard m 1858 
Most workers today consider the vasodilation 
as secondary to the process of secretion and due 
to the release of vasodilator agents from the 
activated secretory cells 

The marked secretory effect that can be ob- 
tained on parasympathetic stimulation is illus- 
trated by the fact that a salivary gland can se- 
crete an amount of saliva equal to its own 
weight in just a few minutes With repetitive 
parasympathetic stimulation, the rate of sali- 


vary secretion within certain limits is propor- 
tional to the rate of stimuli being applied In 
the cat, the maximal secretory response from 
the submaxillary gland is obtained with a rate 
of 10 to 12 stimuli /sec When the maximal rate 
of secretion has been attained by parasympa- 
thetic stimulation, this rate cannot be exceeded 
by the addition of other stimuli as epinephrine 
or acetylcholine or even by stimulation of the 
sympathetic nerve supply to the gland 

Lundberg (1955) has estimated that each 
acinar cell is supplied with from 5 to 10 para- 
sympathetic fibers By histochemical tech- 
niques, Snell and Garrett (1956) have demon- 
strated true cholinesterase m the fine network 
of neural fibers around the acinar cells 

SYMPATHETIC STIMULATION 

Stimulation of the sympathetic nerve supply 
to the salivary glands produces a much smaller 
and more variable response than stimulation of 
the parasympathetic In the cat, sympathetic 
stimulation usually produces an increase in se- 
cretion from the submaxillary gland and little 
effect IS noted upon the parotid gland In the 
rabbit, on the other hand, the response from 
sympathetic stimulation is more marked from 
the parotid gland than the submaxillary gland 
As early as 1851, Ludwig observed a flow of sa- 
liva from a submaxillary gland on stimulation 
of the cervical sympathetic trunk Claude Ber- 
nard in 1858 called attention to the fact that 
marked vasoconstriction also occurred with 
stimulation of the cervical sympathetic trunk 

The marked vasoconstriction that occurs on 
sympathetic stimulation is capable in itself of 
altering salivary secretion With marked vaso- 
constriction, the blood supply to the gland may 
be restricted to such an extent that secretion 
may be inhibited 

ELECTRICAL PHENOMENA ASSOCIATED 
WITH SALIVARY SECRETION 

Stimulation of the autonomic nerves to the 
salivary glands causes characteristic changes in 
the electrical potentials that may be observed by 
placing electrodes in various positions on or 
within the gland, and connecting them to a 
suitable recording device With one electrode 
on the hilum and another on the outer surface 
of the submaxillary gland, stimulation of either 
the sympathetic or parasympathetic nerves 
causes the hilum of the gland to become elec- 
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tropositive to the outer surface after a compara- 
tively long latent period The latent period is 
0 2 to 0 3 sec with the parasympathetic, and 
somewhat longer when the sympathetic is stim- 
ulated Following parasympathetic stimulation, 
the hilum positivitv rapidly declines and mav 
change to a negative potential, there is another 
sharp rise in hilum positivity when the current 
IS turned off The potential caused by sympa- 
thetic stimulation is more consist entl\ hilum - 
positive 

Since the submaxillary gland is composed of 
several different types of cells, each of which 
may have its own electrical characteristics, it is 
doubtful what significance should be ascribed 
to the external secretory potential More pre- 
cise information may be obtained from the use 
of micro-electrodes with the tip placed m the 
interior of a single cell With these, Lundberg 
(1957) has obtained three types of response rep- 
resenting presumably three types of cells mu- 
cous cells, serous cells, and duct cells In all 
cases, the interior of the cell was electro-nega- 
tive to the external medium In the case of the 
mucous cells, stimulation of either the parasym- 
pathetic or sympathetic caused a sustained in- 
crease m internal negativity or ‘'hyperpolari- 
zation” of the cell membrane This followed a 
time course roughly parallel to that already 
described for the external secretory potential 
When the micro-electrode was in what was be- 
lieved to be a serous cell, the parasympathetic 
caused hypopolarization, but the sympathetic 
caused a decrease in the internal negativity of 
the cell (apparent depolarization) With the 
electrode m what was thought to be a cell of a 
salivary duct both sympathetic and parasym- 
pathetic nerves caused apparent depolarization 
In the sublingual gland, micro-electrodes 
picked up currents corresponding to those ob- 
tained from acmar cells of the submaxillary, 
but the external secretory potential was of a 
polarity opposite to that of the submaxillary 
gland, that is, the hilus became electronegative 
This difference was believed to be due to dif- 
ferences in the cellular composition of the two 
glands and not to any difference m the elec- 
trical response of corresponding individual 
cells 

These electrical phenomena are remarkable 
m several respects Evidently they are not anal- 
ogous to the familiar action potentials of nerve 
and muscle. Th^ appear not to be concerned 
with the excitatory process (which must be 


quite different in gland cells and m muscle 
cells) but are concerned with the functional 
work of the cell Lundberg (1958) has presented 
good evidence that the hvperpolarization, asso- 
ciated with secret orv activitv, is caused by an 
active transport of chloride ions through the 
outer cell membrane which is tnggered by the 
release of a neurohormone at the autonomic 
nerve endings The apparent depolarization, 
when it occurs, is not a self propagating dis- 
turbance of the ceil membrane of the sort we 
are accustomed to associate with depolariza- 
tion, but IS probablv due to the sustained ac- 
tivity of an ion transport mechanism m the 
duct cells opposite to that causing hvperpolari 
zation m the acinar cells 

As a corollary to these observations, Lund 
berg (1958) has suggested that secretion of 
water and salt bv the acinar cells is accom 
phshed through the activity of an active chlo 
ride ion transport mechanism in the outer cell 
membrane which “pumps’’ chloride ions into 
the cell from the surrounding interstitial fluid 
Electrical forces cause sodium to accompany 
chloride, and osmotic forces take in water As a 
result of the increased hydrostatic pressure 
within the cell, the salt and water escape 
through the inner membrane (where there may 
also be ion pumps) into the lumen of the acinus 
He has suggested further that the redded 
epithelial cells of the ducts actively absorb 
sodium from the secretion Sodium absorption 
at this point would account for the apparent 
depolarization of these cells ( decreased in- 
ternal negativity) and also for the tact that 
saliva may be hypotonic with respect to the 
blood 

Functioris of Saliva 

Saliva has many functions, but its mam func- 
tions are to aid in digestion and to provide a 
protective secretion m the mouth that keeps the 
mucous membranes moist and aids m oral hy- 
giene Saliva IS not essential to life, but its ab- 
sence results in a number of inconveniences 
The salivary glands, by secreting saliva, aid in 
the recognition and monitoring of thirst and 
body water needs 

PREPARATION OF FOOD FOR 
SWALLOWING 

Lubrication is perhaps the most important 
function of saliva When food is introduced 
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into the mouth, salivary secretion is increased 
The saliva thus provided serves to moisten the 
food and the mucous membrane and greatly 
facilitates chewing and swallowing 

SOLVENT AND CLEANSING ACTION 

Taste IS chemically mediated, therefore, as a 
prerequisite to stimulation of the taste buds, 
any substance must be dissolved It follows that 
deprivation of saliva would greatly limit taste 
sensibility It has been mentioned previously 
that saliva contains little or no glucose and that 
the concentration of sodium is considerably 
below that of plasma This is probably signifi- 
cant in the perception of the taste of sweet or 
salty substances 

The constant flow of saliva exerts a very nec- 
essary cleansing effect on the mouth and teeth, 
which are rinsed and kept comparatively free 
from food residues, shed epithelial cells, foreign 
particles, etc In this way, saliva inhibits the 
growth of bacteria by removing the material 
that may serve as culture media In addition, 
lysozyme in saliva serves a protective function 
through its ability to lyse certain bacteria One 
has but to consider the foul condition of the 
mouth in certain fevers when salivary secretion 
IS suppressed to realize its importance in oral 
hygiene When salivation is suppressed, decom- 
posing organic materials swarming with bac- 
teria (sordes), tend to coat the teeth and lips 
and must be removed by artificial means The 
moistening of the mucous membranes of the 
mouth and lips by saliva also aids in articula- 
tion When the supply of saliva is insufficient, 
public speakers must sip water frequently in 
order to counteract the desiccating effect of 
evaporation from the mouth 

DIGESTIVE FUNCTIONS 

The principle substrates in the diet that amy- 
lase acts on are starch and glycogen On com- 
plete digestion, amylase reduces starch to ap- 
proximately 88% maltose and 12% glucose The 
site of action of amylase is at the a, 1-4, glyco- 
sidic linkage of starch or other oligosaccharides 

Little digestion of dietary carbohydrates oc- 
curs in the mouth, pharynx and esophagus It 
has been shown that amylase activity continues 
in the stomach and that 60 to 70% of a starch 
or potato meal will be digested in the stomach 
before the meal is emptied into the duodenum 
Pancreatic amylase continues the digestion of 
oligosaccharides in the small bowel 


EXCRETORY FUNCTION 

Many substances, both organic and inor- 
ganic, are excreted in the saliva Mercury, po- 
tassium iodide and lead, when introduced into 
the body, are excreted in part in the saliva 
Severe inflammation of the oral mucous mem- 
brane may develop as a result of the excessive 
excretion of mercury via the saliva After en- 
tering the mouth via the saliva of persons with 
lead poisoning, lead sulfide is deposited in the 
gums and appears as a blue line Sulfur derived 
from organic materials is deposited in the 
tartar on the lingual side of the teeth near the 
gum line This explains why discoloration of 
the gums does not occur where teeth are ab- 
sent In patients with chronic nephritis, the 
saliva contains a high percentage of urea Alka- 
loids as morphine, and antibiotics as penicillin, 
streptomycin, and aureomycm are also excreted 
in saliva 

Several types of microorganisms, some in- 
tensely virulent (e g , the viruses of rabies and 
poliomyelitis) are excreted in the saliva The 
latter disease has been reproduced in monkeys 
by injecting the saliva of an infected person In 
this connection, it may be added that mumps, 
which is usually looked upon as a specific in- 
flammation of the parotid gland, is in reality a 
systemic disease since other organs, including 
the ovary or testicle, breast, pancreas, and 
meninges, are often also inflamed The parotid 
may become inflamed secondarily as a result of 
passage of the infectious agent through the 
gland into the saliva 

In spite of their versatility in regard to excre- 
tory functions, this role of the salivary glands is 
not an indispensable one The kidney repre- 
sents the major organ of excretion Doubtless 
all the excretory functions of the body could be 
earned on effectively in the absence of the ex- 
cretory function of salivary glands 

Effects of Chemicals and Drugs 
upon Salivary Secretion 

Many chemicals and drugs are capable of 
affecting salivary secretion Drugs that mimic 
sympathetic or parasympathetic nerve stimula- 
tion result m an increase in salivary secretion 
Sympathomimetic agents that stimulate sali- 
vary secretion include epinephrine, norepi- 
nephrine, synephnne and amphetamine Para- 
sympathomimetic agents causing salivary se- 
cretion include acetylcholine, methancholine 
(mecholyl) and pilocarpine Cholinesterase in- 
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hibitors known as anticholinesterases pro\oke 
sali\ar> &ecretrion 

S\mpat holy tic and parasympathohtic drugs, 
which block the effects of epinephrine and ace- 
tvlcholme respectively, produce inhibition of 
salivary secretion Ergot, dibenamine and de- 
hvdroergotamme are examples of svmpatholvtic 
agents that inhibit secretion Parasvmpatho- 
lytic or anticholinergic agents such as atropine, 
scopolamine, and methvlscopolamine produce a 
marked suppression of sali\ar\ secretion Many 
anticholinergic agents used therapeuticallv 
(eg, in the treatment of duodenal ulcer) in- 
hibit salivary secretion and produce dryness of 
the mouth as a disturbing side effect 

The salivary secretion caused b\ various sur- 
gical anesthetics such as ether, chloroform, and 
cyclopropane is reflex m origin due to the anes- 
thetic coming in contact with the buccal mu- 
cosa Because excessive salivary secretion can 
be troublesome to the anesthetist, atropine and 
scopolamine have long been used as a premedi- 
cation to anesthesia to suppress salivary secre- 
tion When deep anesthesia has been induced 
excessive secretion stops due to central inhibi- 
tion 

Disturbances of Salivary Secretion 

Temporary suppression of salivary secretions 
due to emotional states such as anxiety or fear, 
the presence of fever, or as a result of dehydra- 
tion are not uncommon Suppression of salivary 
secretion may also result from obstruction of 
the salivary ducts due to calculi formation In 
patients with Beil’s palsy, in which there is a 
peripheral paralysis of the facial nerve, secre- 
tion of the salivary glands on the paralyzed side 
IS decreased 

Permanent suppression of salivary secretion 
{xerostomia or aptyalism) is rare and may be 
associated with congenital hypoplasia or ab- 
sence of the salivary glands Steggerda (1941) 
has reported an interesting case of a university 
student in whom the orifices of the ducts of the 
salivary glands were not demonstrable The 
chronic dryness of the subject’s mouth was not 
necessarily related to thirst The student had 
learned to take a few swallows of water approx- 
imately every hour to relieve his uncomfortable 
xerostomia When he became “actually thirsty” 
he would drink about 250 ml of water This 
occurred approximately four times a day He 
found that it was necessary to take small sips of 


water frequently during his meals to facilitate 
mastication and swallowing The water intake 
of this subject was studied for a number of days 
and found not to be different fiom that of four 
students who served as controls 

Hvposalivation may also result from surgical 
procedures or x-rav therapy in areas where the 
principal salivary glands are located In xero 
stomia, the patient complains ot difficulty in 
masticating and swallowing food Articulate 
speech is also difficult unless the subject takes 
frequent sips of water In such patients, there is 
also an increase in dental caries 

Hvpersalivation, or sialorrhea, is sometimes 
observed during pregnancy The cause of the 
excessive salivation is not known It may be 
particularly troublesome because the patient 
may secrete as much as 3 to I liters of saliva 
per day Neoplasms of the mouth or tongue, or 
even a carious 'tooth, may result in hvpersaliva- 
tion due to reflex stimulation ot the salivary 
glands due to local irritation Excessive saliva- 
tion is not uncommon in diseases of the esoph- 
agus, stomach and pancreas Neoplasms of the 
esophagus, or even esophageal spasm, may re- 
sult in reflex stimulation of salivary secretion 
(esophago -salivary reflex) This reflex may be 
elicited readily in a normal person by the pas- 
sage of a stomach tube or an esophageal sound 
Patients with gastric or duodenal ulcer and 
pancreatitis may also have excessive salivary 
secretion 

Various neurological disorders, such as the 
parkinsonian syndrome, are associated with 
excessive salivation The pscvhotic state of schiz- 
ophrenia may also be associated with excessive 
salivation 

An interesting disorder of salivary secretion 
IS known as the chorda tvmpani syndrome 
This syndrome results from a surgical or trau- 
matic severance of the chorda tympani nerve 
The regenerating chorda nerve fibers become 
misdirected and grow into nerves innervating 
sweat glands m the submental region When 
the subject eats, or when salivary secretion is 
otherwise stimulated reflexly, sweating occurs 
m the submental area on the affected side 
Both the salivary glands and the sweat glands 
are innervated by cholinergic fibers In the 
chorda tympani syndrome, impulses intended 
for the salivary glands are transmitted to the 
sweat glands and they respond by secreting 
sweat. 
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The stomach has the amazing capacity to 
secrete hydrochloric acid at a concentration of 
160 mEq Alter, the proteolytic enzyme pepsin, 
the intrinsic factoi needed for vitamin B-12 
absorption by the ileum, the polypeptide hor- 
mone gastrin which stimulates the parietal cell 
to secrete the highly acid juice already listed, as 
well as a variety of mucoid substances in- 
cluding blood group substances 


Structure of the Gastric Mucosa 

The surface epithelium of the gastric mucosa 
consists of a single layer of tall columnar cells 
that secrete mucus The mucous membrane of 
the stomach is separated from the outer mus- 
cular gastric wall by the muscularis mucosae 
and a supporting stroma of connecting tissue 
The surface of the gastric mucosa is marked by 
slight linear depressions into small polygonal 
areas called areae gastricae, giving the surface a 
mammillated appearance, the areas measure 
from 1 to 6 mm in diameter The surface is 
constantly covered by a thick layer of tough, 
tenacious mucus secreted by the surface epi- 
thelial cells The layer of mucus varies in thick- 
ness from 0 5 to 2 5 mm Beneath the surface 
layer of epithelium are located various types of 
tubular glands which vary in structure and in 
composition of their secretion in different parts 
of the stomach When the mucus is removed, 
the gastric foveolae may be seen with the aid of 
a hand lens The gastric foveolae are separated 
from one another by a distance of approxi- 
mately 0 1 mm , thus, there are 90 to 100/mm ^ 
Opening into the bottom of each foveola are 
three to seven individual gastric glands The 
lining of the gastric pit is a continuation of the 
tall columnar surface epithelium 

The gastric mucosa can be divided into sev- 
eral areas, each of which contains a particular 
type of gland The cardiac area is the zone, 1 to 
4 cm wide, that guards the esophageal orifice 
The fundic area is the largest area of the stom- 
ach, accounting for 60 to SO'vc of total mucosal 
surface, interposed between the cardiac and the 
pyloric areas The lower limit of the fundic area 
IS marked by the incisura angularis on the 


lesser curvature of the stomach, and a line ex- 
tending diagonally toward the pylorus to the 
greater curvature The junction of the pyloric 
and fundic area is not sharply demarcated and 
IS frequently referred to as the transitional 
zone The distal part of the pyloric zone ex- 
tends to the pylorus which communicates with 
the first part of the duodenum The p>loric 
area is about Wc of the total gastric mucosal 
area On the lesser curvature, where the mu- 
cous membrane is more firmly attached to the 
muscular wall of the stomach, the rugae form 
parallel longitudinal folds and this area is 
sometimes referred to as the Magenstrasse 
The gastric glands are tubular in structure 
and extend from the bottom of the gastric fov- 
eolae to the muscularis mucosae where they 
terminate in a blind bulbar end known as the 
fundus of the gland The mam tubular portion 
of the gland is known as the body The neck of 
the gland connects the body to the isthmus 
which communicates with the gastric crypt 
The total number of gastric glands has been 
estimated at 35 million 
Each area of the gastric mucosa is character- 
ized by its glandular structure The cardiac 
glands tend to be short and tortuous and are 
made up mostly of mucous cells, although a few 
pepsinogen cells are also present Similar 
glands, minus the pepsinogen cells, are found 
in the esophagus The fundic glands tend to be 
straight, slender structures with narrow lumen 
Three types of cells make up the fundic glands 
mucous cells, pepsinogen or chief cells, and 
parietal or oxyntic cells The mucous cells may 
be further divided into isthmus cells and neck 
cells Although the isthmus cells are of the 
mucous type, they probably secrete very little 
mucus The cells of the neck are true mucous - 
secreting cells but they secrete a different type 
of mucus from that of the surface epithelial 
cells The mucus of the neck cells is soluble, 
and constitutes a part of the soluble mucus of 
gastric juice An important characteristic of the 
isthmus and neck cells is their frequent mi- 
toses It is believed that these cells may develop 
into pepsinogen cells and thus replace chief 
cells 

In the neck region are also a great many par- 
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Fig 2 13 /\ gland from the fundus of the stomach / 
crypt or foveola on the mucous surface connected to the 
neck (2) by the isthmus 2 neck of gland containing 
mucin-secretmg cells 3 chief cells 4 parietal cells B 
enlarged drawing showing (a) intercellular and (b) in- 
tracellular canaliculi 

letal cells These cells do not torm a part of the 
gland wall but appear to he outside, giving the 
gland a nodular appearance (Fig 2 13) The 
parietal cells secrete the hydrochloric acid and 
most of the water of the gastric juice and, be- 
cause of this, they are also known as the “oxyn- 
tic” or acid-secreting cells Although separated 
from the lumen of the tubules by the chief, or 
pepsinogen cells, the parietal cells transmit 
their secretion into the lumen through delicate 
canaliculi lying between the chief cells These 
canaliculi are extensions of a system of exqui- 
sitely fine canals which he within the proto- 
plasm ot the parietal cells. Numerous transpar- 
ent, smooth-surfaced vesicles are seen in the 
protoplasm of the cells during rest Depletion of 
this vesicular material occurs during activity 
The distribution of parietal cells m the human 
stomach is shown m Figure 2 14 
The body of the gland which makes up the 
remainder of the tubule is composed principally 
of pepsinogen cells called chief cells Parietal 
cells are also present, but in diminishing num- 
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bers, as the fundus of the tubule is approached 
In addition to pepsinogen, the chief cells prob- 
ably produce renin (in the calf), which coagu- 
lates milk, and is believed to be produced only 
in young animals, and a special gelatin-split- 
tmg enzyme known as gelatinase (m the pig), 
which liquifies gelatin at a rate about 400 times 
that of pepsin It is not known whether each of 
these enzymes is produced by a different type 
of chief cell or whether they are produced by 
the same cell Since the chief cells appear to be 
morphologically identical, there is no anatom- 
ical evidence for assuming that they differ from 
one another m their secretory products No 
mitoses are seen in the chief cells 

Another type of cell occasionally found in the 
fundic glands is the argentaffin cell The gran- 
ules contained m their protoplasm are easily 
impregnated with silver and this characteristic 
gives the cells their name The exact function 
of argentaffin cells m the gastric mucosa is not 
known 

The pyloric glands are located m the pyloric 
area but they also extend into the transitional 
zone separating the pyloric area from the 
fundic area of the stomach The pyloric glands 
tend to be somewhat shorter and are more tor- 
tuous than the fundic glands The foveolae in 
the pyloric region tend to be deep These 
glands are lined exclusively by mucous-se- 
creting cells that resemble those of the cardiac 


Fig 2 14 Diagram showing the distribution of the 
parietal (acid-secreting) cells in the human stomach In 
the black area the proportion of parietal cells is maximal 
and IS taken as 100% in the brown area on lesser curva- 
ture the percentage of parietal cells is 75% in the 
shaded area at the fundus, 50% and in the white area 
0 to 1% (After Berger 1934) 
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glands An occasional argentaffin cell may be At the free or luminal surface of the parietal 

noted in the fundus of the pyloric glands Gas- cell, as in the case of certain other active trans- 

tnn has recently been found to be contained in port cells, there is a striated border The mtra- 

or on abundant granules packing the c 3 ^oplasm cellular canaliculus simply represents an mvagi- 

of differentiated cells interspersed in the antral nation of this striated border The presence of a 

glands These cells appear endocnne-like, and very high concentration of mitochondria also is 

do not take the silver stains consistent with the cell’s role in transport of 

The electron microscope has provided addi- ions against a concentration gradient (Fig 

tional information on the structure of the gas- 2 15) 

trie mucosa The presence of intracellular cana- Studies correlating structural change with 
liculi in the parietal cells is a constant finding gastric secretion (Sedar and Friedman, 1961, 



Fig 2 15 Electromicrograph of part of a nonsecretmg human parietal cell The specimen was obtained by biopsy 
Secretion was suppressed by administering 0 5 mg of atropine sulfate The gastric juice contained no free acid and had 
a pH of 6 6 at the time of biopsy The intracellular canal system (IC) is evident demonstrating patent lumen with pro- 
jecting microvilli (MV) Throughout the cytoplasm are many small vesicular structures (V) whose content appears less 
dense than that of surrounding cytoplasm Note the large vacuole containing body (VCB) Nucleus (N) and some endo- 
plasmic reticulum (ER) of adjacent chief cells are also included in electromicrograph (Approx X 22 800) From Rohrer 
et al 1965) 
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Sedar, 1962, Rohrer et ai , 1965) have demon- 
strated that during gastric secretion stimulated 
by histamine, insulin h>poglvcennd, or vagal 
stimulation, definite and characteristic changes 
occur within the parietal cell (Fig 2 16) The 
microvilli lining the walls of the canaliculi arc 
markedly increased, to the point that the 
lumen of the canaliculus is almost occluded bv 
these protoplasmic projections The increased 
number of microvilli provides a tremendous 
increase m the surface area of the wall of the 
canaliculus, which is presumed to be the site of 


movement of hydrochloric acid and water from 
the cell into the canaliculus During secretion of 
hvdroch’oric acid, the smooth-surfaced vesicles 
which aie randomlv distributed in the cyto 
plasmic matrix m the lestmg cell, become con 
centrated adjacent to intracellular canaliculi 
With continued secretion of hydrochloric acid 
these smooth-surfuceci elements decrease in 
number In some instances it has been possible 
to observe these \esicles communicating with 
areas of the canalicular wall between adjacent 
microvilli 



Fig 2 16 Part of parietal cell from same subject as in Figure 2 15 Biopsy was taken after maxima histamine stimu 
lation when gastric juice contained 1 04 mEq /liter HCI and had pH of 1 Intracellular canaliculus (1C) appears very com 
plex and lumen is filled with microvilli (compare with Figure 2 15) Vesicular components (V) appear decreased in 
nurnber and are oriented about intracellular canal In cytoplasm are mitochondria (M) a few scattered tubular elements 
TE). nbonucleoprotein granules (RNP), and two dense bodies (DB) An infolded cell membrane (CM) is noted on right 
(From Rohrer et dl 1965) 
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Dn^TOrvatoors 0tr the Gast[ruc GJa&uds 

The gastric mucosa is innervated by both the 
sympathetic and parasympathetic divisions of 
the autonomic nervous system The efferent 
sympathetic supply arises from neurons located 
in the latter horn of the 5th to 10th thoracic 
segments of spinal cord The preganglionic fi- 
bers emerge from the cord in the anterior 
spinal nerve roots and pass to the ganglia of the 
thoracic sympathetic chain Here, some form 
synapses but most continue in the thoracic 
splanchnic nerves to the celiac plexus and form 
synapses with the ganglia within the celiac 
plexus From the celiac ganglia, the postgan- 
glionic fibers accompany the arterial vascular 
supply of the stomach Afferent visceral fibers 
from the stomach travel the same course just 
outlined, in reverse, to the ganglion cells in the 
posterior spinal nerve roots The afferents do 
not synapse in, or arise from, the sympathetic 
ganglia 

The efferent parasympathetic supply to the 
gastric mucosa originates in the dorsal vagal 
nucleus in the floor of the fourth ventricle The 
preganglionic fibers reach the stomach via the 
right and left vagus nerves The left vagus sup- 
plies preganglionic fibers to the anterior sur- 
face, and the right vagus to the posterior sur- 
face of the stomach In addition, both vagi send 
branches to the celiac plexus The parasym- 
pathetic preganglionic fibers accompany the 
vascular supply and the sympathetic fibers into 
the muscular layers of the wall of the stomach, 
to form synapses with the ganglion cells of the 
myenteric plexus of Auerbach and the submu- 
cosus plexus of Meissner The postganglionic 
fibers supplying the mucosa are thus very short, 
whereas the preganglionic fibers are quite long 
Afferent parasympathetic fibers are found in 
the vagus The neurons of these fibers are lo- 
cated mainly in the ganglion nodosum The 
central processes of these afferent neurons ter- 
minate in the dorsal nucleus of the vagus, com- 
pleting the reflex arc 

The vagi are the important secretory nerves 
to the stomach The cephalic or psychic phase 
of gastric secretion is mediated via the vagi An 
intact vagal innervation is also important in the 
release of gastrin from the gastric antrum 
Stimulation of the vagus nerve causes the secre- 
tion of strongly acidic gastric juice rich in 
pepsin This effect is mediated through acetyl- 
choline (Fig 2 17) Atropine, which blocks 
postganglionic parasympathetic stimulation, 



Fig 2 17 Diagrammatic representation of the intra 
mural and vagal innervation of gastric mucosa (From 
Grossman 1963) 

inhibits gastric secretion stimulated via the 
vagi It should be emphasized that the vagi 
contain thousands of afferent fibers which 
probably mediate reflexes originating in the 
gastrointestinal tract 

Stimulation of the sympathetic nerve supply 
to the mucosa causes the secretion, mainly from 
the pyloric glands, of an alkaline mucoid juice 
which IS very low in peptic activity The sym- 
pathetic response is unaffected by atropine, but 
IS annulled by ergotamine (which paralyzes 
motor and secretory sympathetic fibers) Vme- 
berg’s results (1931) indicate that the vagus 
controls the secretion of mucin by the mucous 
neck cells and the surface epithelium of the 
gastric mucosa The influence exerted by the 
sympathetic upon the peptic and oxyntic cells 
of the gastric body is not definitely known 
According to some, its effect upon these ele- 
ments IS inhibitory 

Origin and Composition 
of Gastric Jyice 

Gastric juice is the composite product of se- 
cretion by the surface epithelium and the var- 
ious gastric glands The composition of gastric 
juice varies, depending upon the individual 
contributions of the various secreting struc- 
tures The major constituents of gastric juice 
are water, hydrochloric acid, and other electro- 
lytes as sodium, potassium, calcium, phosphate, 
bicarbonate, and sulfate The major organic 
constituents include various enzymes, at least 
two types of mucus, the intrinsic factor of Cas- 
tle, and blood group substances 
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It has been estimated that the volume of gas- 
tric juice secreted by man m a 24-hr period 
amounts to 1200 to 1500 ml The amount will 
vary, depending upon the diet and other 
stimuli provoking gastric secretion When gas- 
tric juice is collected for a 12-hr period during 
the night, by means of a nasogastric tube with 
constant suction, the average volume obtained 
is about 400 ml Fasting human gastric juice s;J 
collected from healthy young adults has an 
acidity of 40 to 60 mEq /liter, a pH of 0 9 to ^ 

12, and a specific gravity of 1 002 to 1 004 
Under histamine, 1 ml of mucosa m man can 
produce 1 mEq of HCl/hr 

HYDROCHLORIC ACID AND GASTRIC 
ELECTROLYTES 

The chief problem is to account for the varia- 
tion in acidity and electrolyte composition of 
gastric juice based on the mam facts parietal 
cells secrete water and HCl, with a maximal 
concentration about 160 mEq Alter The mam 
anion is chloride, and when the acidity is low, 
the other cation is sodium Na+ and are 
always present At times, HCOg" up to 25 mw 
can be detected It is convenient to think of 
gastric juice as a mixture of parietal and non- 
parietal secretions 

The composition of pure parietal secretion 
can be arrived at only by computation, inas- 
much as no means is available for collecting 
pure parietal secretion that is not contami- 
nated, at least to some extent, with secretions 
from nonparietal cells Figure 2 18 illustrates 
the computed ionic composition of parietal and 
nonparietal secretions of the gastric glands It is 
further believed that the composition of par- 
ietal secretion remains constant, and is inde- 
pendent of rate of secretion, nature of stimulus, 
or strength of stimulus The concentration of 
hydrochloric acid in gastric juice collected from 
man or a dog may vary from 0 to 150 mEq or 
moreAiter Other things being equal, the con- 
centration of acid increases with increasing 
rates of secretion, up to a maximum of about 
150 mEq Alter The chloride ions that accom- 
pany the hydrogen ions into the gastric juice to 
form HCl are not passively carried along by the 
hydrogen ions Two important observations 
that indicate that the chloride ion of the HCl m 
gastric juice is secreted by an active, energy- 
consuming mechanism are 1) chloride ion is 
transported against a concentration gradient, 
from a plasma concentration of about 110 



Fig 2 18 Computed ionic concentration of the prin 
cipal ions in the parietal and nonparietal secretions of the 
gastric gland (Redrawn from Ivy et al 1 950 ) 

mEq Alter, to a concentration m gastric juice 
up to 166 mEq Alter, and 2) chloride ion is 
transported against an electrochemical gradient 
(the luminal surface of the gastric mucosa is 
negative to the serosal surface with a potential 
difference of 30 to 50 mV ) The chloride ion of 
HCl IS considered to be secreted by a “chloride 
pump ” 

It is interesting that the mechanism (chloride 
pump) for transporting chloride ions into the 
gastric juice is also capable of transporting 
bromide and iodide ions Hydrobromic acid 
may be recovered from the gastric juice of pa- 
tients who have taken bromide salts When 
radioactive lodme, is administered intra- 
venously to a patient, radioactivity rapidly 
appears in the gastric juice 

A small part of the chloride of gastric juice is 
balanced against metallic cations, principally 
sodium This constitutes the so-called neutral 
chloride The concentration of other negative 
ions m the jmce is negligible, thus the osmotic 
activity of gastric juice is primarily due to the 
acid, plus the neutral chloride Since gastric 
juice is practically isotonic with blood, the ionic 
concentration of total chloride m the gastric 
juice differs but little from that of the total base 
of the blood 
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In highly acid gastric juice, the neutral chlo- 
ride IS present only in small amounts, but in a 
less acid secretion it may constitute a major 
portion of the total chloride When it is present 
in large quantities, its source becomes a matter 
of considerable interest The source of neutral 
chloride has been a matter of widespread dis- 
cussion and controversy but current thinking 
tends to the view that it is secreted by the non- 
parietal cells (mucous cells of the surface epi- 
thelium and chief cells of the gastric glands), 
along with sodium, calcium, potassium, and the 
organic materials secreted by these cells, and 
that a certain, perhaps smaller, amount enters 
the gastric contents by diffusion from the inter- 
stitial fluid In impure gastric juice, a large part 
of the neutral chloride may represent swallowed 
saliva and regurgitated duodenal contents 

GASTRIC ENZYMES 

Pepsin. The principal proteolytic substance 
in gastric juice is pepsin, from the chief cells of 
the fundic glands The zymogen m the cyto- 
plasm of these cells is inactive and referred to 
as pepsinogen Pepsinogen is relatively re- 
sistant to heat and alkali and can withstand 
short exposures to temperatures of 70° C or a 
pH of 11 without loss of activity The enzyme 
becomes active only in acid media At a pH 
below 6, pepsinogen is transformed into pepsin 
by an autocatalytic reaction The optimum pH 
for peptic activity is about 2 0 At a pH of 5 0, 
the action of pepsin is almost abolished Pepsin 
digests protein by attacking those peptide link- 
ages in which the ammo groups are attached to 
aromatic ammo acids The products consist 
mainly of proteoses and peptones and relatively 
few ammo acids and polypeptides Pepsin is 
constantly present in acid gastric juice and 
probably is secreted continuously During mter- 
digestive periods, it is stored in the chief cells 
of the fundic glands, evidence by the accumula- 
tion of zymogen granules Details of the syn- 
thesis of pepsinogen from ammo acids by the 
chief cells, or the mechanism of release of pep- 
sinogen from the cells during secretion are not 
known Samloff and Townes (1969) have dem- 
onstrated the existence of seven electrophor- 
etically distinct pepsinogens in human gastric 
mucosa Five are limited to the fundus and 
body, two are m the antrum and proximal duo- 
denum This pattern is under genetic control, 
with some families lacking one specific pepsin- 


ogen The major stimulus to pepsin secretion 
IS vagal impulses Gastric secretion induced by 
sham feeding, electrical stimulation of the 
vagus nerves, or insulin hypoglycemia results in 
a gastric juice containing high peptic activity 
Pilocarpine and acetylcholine are potent stimuli 
of pepsin secretion Now, however, we know 
that gastrin itself can stimulate pepsin secre- 
tion, independent of vagal stimulation Hista- 
mine produces a gastric juice of low pepsin 
concentration, but does stimulate pepsin m 
man 

Most stimuli of gastric secretion produce a 
juice that is initially high in peptic activity 
Gastric secretion in response to a meal will 
show the highest concentration of pepsin in the 
1st hr As the volume of gastric juice increases, 
the concentration of pepsin falls During the 
later stages of digestion, when the volume of 
gastric juice diminishes, the concentration of 
pepsin increases Since pepsin is a preformed 
secretory product and cannot be elaborated as 
rapidly as it is secreted, depletion of cell stores 
of pepsinogen occurs during the initial period 
of gastric secretion Prolonged stimulation of 
gastric secretion, however, does not result in 
disappearance of peptic activity from gastric 
juice 

Proteolytic activity in blood serum and urine, 
presumably due to the presence of pepsinogen, 
has been demonstrated Apparently, a small 
amount of pepsinogen leaks into the blood 
Pepsinogen can withstand the slightly alkaline 
pH of blood and its molecular size (42,500) 
would permit it to be filtered by the renal glo- 
merulus The name uropepsin has been given 
to the protease in urine 

Renmn. This enzyme is the milk-curdlmg 
ferment Rennin has been isolated from the 
gastric secretions of the calf The optimum pH 
for the action of rennin is between 6 0 and 6 5 
The presence of calcium ions are necessary for 
the action of rennin on milk Gastric rennin, 
when added to milk kept at body temperature, 
causes a change in the soluble casein, splitting 
it into a proteose-like substance (whey protein) 
which remains in solution, and paracasein The 
latter is soluble alone but upon combination 
with calcium forms an insoluble compound, 
calcium paracasein, which precipitates as a 
curd The protein (paracasein) of the curd sub- 
sequently undergoes peptic digestion in the 
usual manner The softer and more finely floc- 
culent the character of the curd that is formed, 
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the mere leadiK is it attacked b\ the preteo- 
Ktu terrnents 

Reniun is net tound in the aastiu )uice ot 
man eithei infants oi adults I'he clotting and 
digestion ol milk in man is b\ pepsin With an 
optimum pH ol b 0 to b o rennm would be 
inactive at the usual pH ol the gastric contents 
ol the normal adult 

Lipase A gastric lipase has been lound in 
gastric luice The en/vme is a tnbuteiase and 
mav be similar to plasma lipase which is aKo a 
tnbut erase 'Phe optimum pH loi the action ol 
gastric lipase is between 4 0 and b 0 and is in- 
adive at a pH ot 2 5 The origin ol lipase lound 
in gastric )uice in the rat is the liindic glands 
W'hen compared to pancreatic lipase, gastric 
lipase IS a weak lat-sphtling cn/\me 
Other Gastric Enzymes. A number oi less 
important digestive en/vmes have been de- 
tected in gastric )uice Their presence in g<istric 
]uice in minute amounts suggests that they are 
ot doubt lul digestive signiticance 
Lvsozvme (pH optimum 5.1) is a carbohy- 
drate-splitting enzyme In gastric juice trom 
normal individuals, it is found in small 
amounts Its cellular origin is unknown The 
lvso?yme content ot gastric juice has been 
tound to be increased in patients with gastric 
ulcer This increase in lysozyme concentration 
IS probably secondary to the inflammatory reac- 
tion produced by the ulcer 

Urease can he isolated from the gastric mu- 
cosa and gastric )uice Urease is tound also in 
bacteria contaminating the gastric mucosa The 
hydrolysis of urea by urease to produce am- 
monia probably plays a negligible role m gastric 
secretion 

Carbonic anhydrase is tound m gastric juice 
m small amounts and its presence is thought to 
be due to disintegration of desquamated sur- 
face epithelial cells In addition to being 
present m the surface epithelial cells, carbonic 
anhydrase is found in high concentrations in 
the parietal cells, where it plays an important 
role in the process of HCl formation 

GASTRIC MUCUS 

Two types of gastric mucus occur m gastric 
juice Visible mucus is secreted by the surface 
epithelial cells of the gastric mucosa and is 
thick, VISCOUS, and even jelly-like It forms a 
transparent coating over the surface of the gas- 
tric mucosa 2 to 3 mm in thickness Mucus 
secretion from the surface epithelium is stimu- 


lated bv vaiiou^ chemicals applied to the sur 
face ot the gastric mucosa eg alcohol, ether, 
dove oil and phenol red in addition, tactile 
stimuli such as rubbing the mucosa with a 
brush, or even roughage in the diet, cause se 
cretion ot mucus h\ the surface epithelial cells 
Soluble, or transparent, mucus is secreted by 
the cells ot the pvloric and cardiac glands, and 
also hv the mucous neck cells ol the tundic 
glands It is therefore a constituent ot pure gas 
trie juice (dissolved mucin) Vagal stimulation 
evokes a secietion ol mucin trom the mucin 
secret mg ceils ol the tubules Mucin is a com 
|)le\ ol glvcopioteins Secretion collected from 
pouches trom the pvlonc part ot the stomach of 
dogs is mucoid, viscous, tenacious, and trans 
parent, with a pH ot 7 0 to 7 5 It coats the in 
tenor ot the stomach and serves to protect the 
mucosa from the action ot the gastric juice, but 
has little acid-reducing powei Mucin does m 
hibit peptic activitv This antipeptic action ot 
mucin is due to its constituent, mucoitm-sul 
tunc acid, the main monomer ot goblet cell 
mucus By virtue ot its high viscosity, mucin 
el {actively lubiicates and protects the gastric 
mucosa trom mechanical injury 

Brunschwig and associates (1919) demon 
strated the presence ot a gastru secretory in- 
hibitor that they isolated trom the gastric juice 
of patients with pernicious anemia Blackburn 
and Code (1948) also demonstrated the pres- 
ence ot a gastric secretory inhibitor m human 
gastric juice and determined that the active 
material was in the mucin traction ot the juice 
The exact nature ot this gastric secretory inhib- 
itor IS not known, but this inhibitor called gas- 
trone has been partially purified and consists of 
a mucus-like substance with a molecular weight 
over 100,000 containing much carbohydrate, 
and a nondialyzable glycopolypeptide or glyco- 
protein with a molecular weight between 10,000 
and 400,000 

Mechanism of Hydrochloric 
Acid Secretion 

The precise manner m which the gastric 
mucosa secretes hydrochloric acid is still un- 
known However, the following facts taken to- 
gether point in a general way to the processes 
which must be involved m the secretion 

1) It is generally agreed that the acid is 
formed by the parietal cells of the gastric 
glands (Davies, 1951) It is not believed to be 
produced in the protoplasm of these cells but to 
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appear first in the secretory canaliculi which 
communicate with the lumen of the gland 

2) The acid, as secreted by the parietal cell, 
has a uniform concentration of approximately 
0 17m The theory of the constancy of the con- 
centration of hydrochloric acid as secreted by 
the parietal cells was first put forward by 
Pavlov (1910) and has since been supported by 
many investigators, including Hollander and 
Cowgill (1931) This theory is mainly based on 
the observation that the nearer one approaches 
to a pure parietal secretion, the nearer the con- 
centration of hydrochloric acid approaches 0 17 
M The acidity, when plotted against the neu- 
tral chloride, gives a straight line expressing the 
inverse relationship between them When ex- 
trapolated, this line comes to a point repre- 
senting a zero value for neutral chloride and an 
acidity of around 170 mEq /liter Since neutral 
chloride and acid chloride are inversely related, 
the total chloride tends to remain relatively 
constant However, since some of the nonpar- 
letal secretion contains relatively little chloride, 
the total chloride increases somewhat with in- 
creasing rate of parietal secretion and, there- 
fore, with increasing total acidity (Figs 2 19 
and 2 20) 

A somewhat different opinion was expressed 
by Fisher and Hunt (1950), who made a study 
of the extensive data of Ihre (1938) on gastric 
secretion in human subjects They concluded 
that the most probable concentration of hydro- 
chloric acid in human parietal secretion is 160 
mEq Alter, and that the secretion contains, in 
addition, 10 mEq Alter of neutral chloride 

3 ) The secretion of hydrochloric acid involves 
expenditure of energy, that is to say, no simple 
chemical reaction which could proceed sponta- 



Fig 2 19 Neutral chloride as a function of acidity 
(After Hollander 1932a) 



Fig 2 20 Total chloride as a function of acidity (After 
Hollander 1932b) 


neously can explain the formation of hydro- 
chloric acid by the gastric glands One estimate 
IS that the secretion of 1 g -molecular equiva- 
lent of hydrochloric acid requires expenditures 
of 10,000 gram calories of energy 

4 ) The energy is derived from oxidation, 
probably of glucose, and requires the activity of 
the enzymes ordinarily active m such oxidation 

5) For every hydrogen ion produced, a bicar- 
bonate ion is released into the interstitial fluid 
and ultimately into the blood This requires a 
continuous supply of carbon dioxide The 
carbon dioxide may be derived from the metab- 
olism of the parietal cell itself if the secretoiy^ 
rate is low, but at higher rates of secretion the 
metabolic carbon dioxide has to be supple- 
mented with carbon dioxide from the circu- 
lating blood The need for carbon dioxide arises 
from the fact that, whatever the reacting 
system may be, removal of hydrogen ion results 
in accumulation of an excess of hydroxyl ions, 
if these were not neutralized, the resulting al- 
kalinity would soon destroy the secreting cells 
The fact that secretion of hydrochloric acid into 
the gastric juice results in secretion of an equiv - 
alent amount of bicarbonate into the blood ex- 
plains the so-called alkaline tide seen in the 
urine during digestion (Bence Jones, 1850) 

6 ) Carbonic anhydrase is present m high 
concentration m the parietal cells (Davenport, 
1939), and participates in the overall process, 
though probably not directly m secretion of 
hydrogen ions Its apparent function is to aid in 
the hydration of carbon dioxide and to produce 
the carbonic acid that is utilized m neutralizing 
the hydroxyl ions produced during secretion 
Secretion of hydrochloric acid is greatly de- 
pressed and in some subjects, totally inhibited, 
by the administration of large doses of Diamox, 
which is an inhibitor of carbonic anhydrase 
(Janowitz et al , 1957) Although excised frog 
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gastric mucosa will secrete m the absence of 
carbon dioxide, the tissue is destroyed by the 
alkalinity resulting from the loss of hydrogen 
ions (Davies and Longmuir, 1948) In the living 
animals, at least in mammals, some mechanism 
apparently exists to prevent secretion under 
these circumstances, and this protects the se- 
creting tissue from self-destruction 

7) The overall reaction can be summarized 
by the equation 

CO, -f HaO -f NaCl;=t HCl + NaHCOo 

This equation is not intended to describe the 
chemical reactions in detail, but merely to indi- 
cate the beginning and end products and their 
quantitative relationships It indicates that the 
ultimate source of the hydrogen ions is water, 
the ultimate source of the chloride ions is the 
salt of the blood, for each mole of hydrochloric 
acid produced, a mole of sodium bicarbonate 
has to be formed The intermediate steps, the 
source or sources of energy, and the enzymes 
and substrates concerned in the intermediate 
reactions, all of which constitute the real 
problem of the secretion of hydrochloric acid, 
are not even suggested The fact that the reac- 
tions of this equation would ordinarily progress 
to the left IS a simple qualitative proof that 
energy is required for the secretion of hydro- 
chloric acid 

8) Rehm (1950) and his co-workers have 
shown that there is a maintained electrical po- 
tential difference across the gastric mucosa, the 
secretory surface being negative m an external 
circuit to the nutrient surface When the two 
sides of the mucosa are connected electrically, a 
continuous current can be maintained repre- 
senting about 10% of the metabolic energy 
This electrical potential decreases with the 
onset of acid secretion The rate of acid secre- 
tion can be increased or decreased by passing 
an electric current, from a battery through the 
mucosa so as to increase or decrease, respec- 
tively, the potential difference across the tissue 
Experiments with metabolic inhibitors show 
that most of the pathways of aerobic metabo- 
lism, and the related phosphorylations, are re- 
quired to maintain the potential difference and 
aad secretion The facts prompted Rehm to 
propose a theory of acid secretion m which it is 
assumed ibat electrical energy is utilized in the 
separe^tion of hydrogen ions during the secre- 
tion of l^drochlonc amd It seenos more likely 
thait h^e, as elsewhere, the potential difference 


IS the result ot, rather than the cause of, the 
activity 

As to the intermediate steps between carbon 
dioxide and water at one end of the reaction, 
and hydrogen ions and bicarbonate at the other 
end, Davies (1951), after reviewing the history 
of research in this field from Claude Bernard’s 
time until 1951, had this to say “The available 
evidence shows that two related mechanisms of 
acid secretion are possible In mechanism 1, the 
metabolic -hydrogen atoms from glucose and 
water, which are transported by the dehydro 
genases, become oxidized to hydrogen ions at 
the cytochrome level, and the electrons react 
with oxygen and water to form, first hydroxyl 
ions, and then bicarbonate ions by further reac- 
tions with carbon dioxide This process uses the 
oxidation reduction energy from the level of 
atmospheric oxygen to that of the cytochromes 
In mechanism 2, phosphate bond energy, gen- 
erated by reactions at lower oxidation reduc- 
tion levels IS utilized to concentrate hydrogen 
ions, formed by ionization from water, m an 
electron cycle mechanism m which hydrogen 
ions are reduced to covalent hydrogen atoms, 
transported by a carrier system and oxidized to 
hydrogen ions at high concentration as a result 
of coupled phosphorylation Kinetic and ther- 
modynamic considerations show that the hy- 
drogen carrier and electron transport systems 
could be oxaloacetate-malate and cytochrome 
b, or perhaps fumerate-succinate and cyto- 
chrome c Both mechanisms require a spatial 
array of enzymes in the paracanalicular zone of 
the oxyntic cells, and m both cases, chloride 
ions move in the opposite direction to, and as a 
result of, the movements of the electrons ear- 
ned by the cytochromes ” 

Davenport (1957) wrote 6 years later, “I sus- 
pect that the secretory process is a cyclic oxida- 
tion and reduction A carrier molecule within 
the cell combines with high energy phosphate 
The product is oxidized and the energy con- 
tained within it IS dissipated m transporting 
the newly released proton” (hydrogen ion) “a- 
gainst a concentration gradient into the gastric 
juice Then the carrier is reduced by substrate 
and IS ready to re-enter the cycle Two minor 
problems remain For each proton secreted an 
electron must be taken up by oxygen, and the 
pH of the cell must be kept down by intracel- 
lular neutralization usmg the carbon dioxide 
mechanism , ” “Carbonic anhydrase which 
occupies a penpheral position is involved, an 



Chapter 5 


C as ? n c Sa ere Hon 2~4 1 


enzyme behaving like succmoxidase is there, 
and it IS likely that some sulfhydryl compound 
IS essential ” Davenport, like Davies, recog- 
nized the need for assuming appropriate orien- 
tation of the various components involved in 
the reaction Davenport’s concept is illustrated 
in Figures 2 21 and 2 22 

Davies (1951) considered that “the rate of 
transport of water by oxyntic cells is so enor- 
mous that it could not be handled molecule by 
molecule by any known enzyme systems The 
water must be moved m bulk, and probably 
flow osmotically as a result of the secretion of 
the hydrogen and chloride ions by the oxyntic 
cells ” 

Once H+ ions have been secreted, the gastric 
mucosa serves to contain them and offers a bar- 
rier to the diffusion of out of the lumen, 
and to the diffusion of Na + ions into the lumen 
from the interstitial fluid This “mucosal bar- 
rier,” as Davenport has named it, is greatest m 
the fundus, less restrictive m the antrum, and 
least in the duodenum 

Cointro! of Gastric Secretion 

Gastric secretion is controlled by both neural 
and humoral mechanisms The parasympa- 


thetic (vagus) innervation provides the pathways 
for secretory stimuli to the gastric mucosa 
Sympathetic pathways control gastric secretion 
indirectly, due to their control over vasomotor 
mechanisms and blood flow to the mucosa 
A number of humoral mechanisms also are 
involved in the control of gastric secretion 
Examples include the release of gastrin from 
the gastric antrum which stimulates gastric se- 
cretion, and the release of enter ogastrone from 
the mucosa of the upper small bowel which in- 
hibit gastric secretions The last characterized 
is a substance which inhibits acid secretion 
but stimulates pepsin output 

It IS convenient, when discussing the gastric 
secretory response to a meal, to divide the total 
response into different phases cephalic, gastric, 
and intestinal phases, named according to the 
area where the stimuli arise The volume of 
gastric secretion resulting from these different 
phases in the dog is illustrated in Figure 2 23 
In man, gastric secretion tends to be contin- 
uous For this reason, a fourth phase of gastric 
secretion, the inter digest we phase, is recog- 
nized An estimate of the volume of gastric se- 
cretion of the various phases m man is shown 
in Table 2 7 
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Fig 2 21 Schema of a possible mechanism of gastric acid secretion showing the four essential parts a generation 
of high energy phosphate bounds from substrate and oxygen b cyclic oxidation and reduction generating hydrogen lons 
c removal of electrons to oxygen and d intracellular neutralization by carbon dioxide (From Davenport 1957 Courtesv 
of University of Wisconsin Press ) ' 
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F«g 2 22 Diagram illustrating the role of carbon 
dioxide in intracellular neutralization during secretion of 
acid by the gastric mucosa (Redrawn from Davenport 
1962) 



Fig 2 23 Reconstructed curves to show the approxi 
mate distribution between the several phases of gastric 
secretion in the dog after a meal of 300 g of meat 1 
cephalic or initial reflex phase 2 gastric or pyloric phase 
and 3 intestinal phase (Redrawn from Thomas and 
Friedman 1951 ) 


Table 2 7 

Volume of different phases of gastric secretion in man 


Period or Phase 

Amount (ml ) 

Interdigestive 

30-60 ml yhr 

Cephalic 

50-150 ml /20 mm 

Gastric 

225-350 ml /5 hr 

Intestinal 

200-300 ml /5 hr 


From Ivy et al , 1950, p 32 


CEPHALIC PHASE OF GASTRIC 
SECRETION 

Upon eating a meal, gastric secretion is initi- 
ated prior to the food arriving m the stomach 
by afferent impulses arising in the head (thus 
the term cephalic) which converge on the vagus 
nucleus, and efferent stimuli are sent to the 
gastric mucosa via the vagi The cephalic, or 
initial reflex phase, of gastric secretion results 


from the sight, smell, or taste ot food, or from 
the act ot eating and is prevented bv section of 
the vagus nerves If the secretion results from 
the sight or smell of food without tood making 
actual contact with the mouth, it is referred to 
as psychic secretion The tact that there can be 
an abundant secretion of gastric ]uice, even 
though there is no food m the stomach, is 
readily demonstrated by means of sham 
feeding This phase is mediated bv the vagus 
nerves by two mechanisms /) direct cholinergic 
stimulation of the oxvntic (parietal) cells, and 
2) cholinergic release of gastrin from the pyloric 
gland area, and mechanism I piobablv requires 
the presence of a small amount of gastrin itself 
rfanowit/ and his colleagues (1950) made 
some interesting observations in a female sub- 
ject who had a complete stenosis of the esoph- 
agus following a ive stnctuie and had to have a 
gastrostomy for feeding purposes They studied 
the effects of various types of meals on the ce- 
phalic phase of gastric secretion <md found that 
an unappetizing meal consisting of cereal gruel 
evoked essentially no response, whereas a meal 
selected by the subject evoked a high secretory 
response The routine hospital ward diet 
evoked an intermediate response* (Fig 2 24) 
The latent period of the cephalic phase re 
sponse was less than 5 mm The durat ion of the 
response ranged from 50 to 120 min following 
cessation of sham feeding and varied with the 
type of meal 

GASTRIC PHASE 

The entry of food into the stomach initiates 
gastric secretion by the distention from the 
bulk of the meal, and chemical factors m the 
partially digested meal alcohols, peptides, and 
ammo acids (especially glycine, |8-alamne, ser- 
ine, (and lysine) 

Both distention and chemical factors operate 
via the same two mechanisms cited for the ce- 
phalic phase /) direct cholinergic stimulation of 
oxyntic cells, and 2) cholinergic release of gas- 
trin from the pyloric gland area ceils In both, 
'Tong'’ (vago-vagal) or '‘short” local reflexes 
withm the stomach are probably operative 
Figure 2 17 diagrams this 

Gastrin. The most important advance in our 
contemporary knowledge of gastric secretion 
has been the purification, and structural anal- 
ysis of gastrin by Gregory and Tracy (1964) 
This linear peptide with 17 ammo acid residues 
occurs m two forms without (Gastrin I) and 



Chapter 5 

Average Volume Response 
to Sham Feeding 



Collection periods(l5 mm intervals) 

«•••*•• Meal I ( 4 exps ) 

Meal 11 (Bexps) 

Meal III (I2exps) 

Fig 2 24 Volume response to sham feeding of dif- 
ferent types of meals to a patient with a gastric fistula 
Meal I consisted of cereal gruel meal II was a routine 
hospital ward diet and meal III consisted of foods se- 
lected by the subject (Redrawn from Janowitz et al 
1950) 

With (Gastrin II) sulfate esterified on the phe- 
nolic hydroxyl group of the tyrosyl residue at 
position 12 Activity resides in the terminal te- 
trapeptide In the antrum and in the blood, 
gastrin exists also in a larger form than the 17 
ammo acid gastrin characterized by Gregory 
This later “big gastrin” appears to have the 
same physiological actions as the better known 
“little gastrin ” Gastrin is present in small 
amounts, outside the antrum, and in the duo- 
denum and probably in the pancreas 

The action of gastrin on the acid-secretmg 
cell is influenced by other gastrointestinal hor- 
mones and neural impulses Cholecystokimn 
and secretin inhibit gastrin stimulated acid se- 
cretion, the former probably by competitive 
inhibition, the latter by noncompetitive inhibi- 
tion Cutting the vagus nerves greatly decrease 
the secretion of acid m response to gastrin 
The release of gastrin from the pyloric gland 
area is markedly inhibited by acid bathing this 
area of the stomach A pH of 2 or less is re- 
quired and can counteract the stimulatory ef- 
fects both of vagal stimuli and of local disten- 
tion and chemical factors 

Interestingly enough, gastrin can be released 
by rapid increases in the concentration of 
serum calcium 


Gastfsc SecretJon 2—43 

These considerations help to elucidate the 
rationale for use of the operations of vagotomy, 
on the one hand, and of subtotal gastric resec- 
tion on the other If the nervous and hormonal 
mechanisms of stimulation were independent 
of each other, we should expect that cutting the 
vagus nerves would influence only the initial 
reflex phase of gastric secretion and leave the 
gastric phase in full effect In reality, however, 
all phases of gastric secretion are profoundly 
depressed by vagotomy, and in some patients 
permanent achlorhydria has been reported 
Likewise, resection of the antrum, or subtotal 
gastric resection, theoretically should affect 
only the gastric phase Experience indicates, 
however, that the cephalic phase too is influ- 
enced profoundly 

INTESTINAL PHASE 

It has long been observed that the presence 
of certain food substances in the small intestine 
also stimulates gastric secretion This so-called 
intestinal phase has been extensively investi- 
gated The latent period of the intestinal phase 
IS 2 to 3 hr but once secretion is initiated, it 
may last for 8 to 10 hr The following sub- 
stances have been observed to excite gastric 
secretion when placed in the small intestine 
water, extractive substances of meat, products 
of protein digestion, (for example, peptone and 
amino acids), milk, alcohol, histamine, sa- 
ponm, epinephrine, 0 1 n hydrochloric acid, 
10% glycerin solution, and magnesium sulfate 
The intestinal phase is characterized by less 
secretory activity than either the cephalic or 
gastric phases and for this reason, the interpre- 
tation of results of studies of the intestinal 
phase have been more difficult 

Experiments on the intestinal phase of gas- 
tric secretion have been conducted f>rimarily on 
animals in the fasting state with the stomach 
empty Because of the long duration of the in- 
testinal phase of gastric secretion from previous 
feedings, it is customary to fast the animal 
(dog) at least 24 hr The results obtained might 
have been otherwise had the intestinal phase 
been permitted to follow the cephalic and gas- 
tric phases as in the intact situation The 
known tendency of stimuli of different sorts to 
act synergistically in the gastrointestinal tract 
suggests, but does not prove, that the stimuli 
normally causing an intestinal phase may be 
much more effective in the presence of the re- 
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sidual stimuli of the cephalic and gastric 
phases 

The cause of the intestinal phase is unknown, 
except that it is due to chemical stimuli A 
completely denervated gastric pouch secretes 
when food is placed in the intestine, proving 
that it IS secreting m response to some chemical 
substance circulating in the blood The nature 
of the stimulus is unknown but may be a hor- 
mone, the “intestinal gastrin ” 

Perhaps one reason for the somewhat erratic 
behavior of the intestinal phase of gastric secre- 
tion IS the ease with which inhibition of secre- 
tion may be induced by placing certain sub- 
stances in the intestine The mhibitorv^ effect of 
acid releasing secretion has already been men- 
tioned, although acid in certain concentrations 
may stimulate gastric secretion, if the intestinal 
pH IS lowered to 2 5 or below, it acts as an in- 
hibitor 

Intestinal (Duodenal) Inhibition of 
Gastric Secretion. It is appropriate at this 
point to consider some mechanisms inhibiting 
gastric secretion which originate m the upper 
intestinal tract. It has been well established 
that the presence of acid, fat, and hypertonic 
solutions m the duodenum released a hormone 
or hormones which inhibit gastric acid secre- 
tion To these hypothetical hormones, the term 
enterogastrone has been applied (“any hormone 
released from the intestine which inhibits gas- 
tric secretion,” Johnson and Grossman, 1970) 
While the evidence for an inhibitory action 
by ingested fats is conclusive, this enterogas- 
trone has not been obtained m pure form It 
inhibits gastric motility as well The urinary 
substance(s) derived from this enterogastrone 
has been named urogastrone and much effort is 
being directed to its chemical elucidation 
The inhibition of acid secretion which follows 
entry of HCl into the upper gastrointestinal 
tract IS of great interest Part of it can be ac- 
counted for by the release of secretin (a known 
inhibitor of HCl secretion), which follows the 
presence of acid m the length of the entire 
duodenum, and appears to be related to the 
quantity of acid entering the gut Acid may 
inhibit by other mechanisms since Anderson, 
working in Uvnas’s laboratory, has demon- 
strated that acidification of the duodenal bulb 
will inhibif gastrin and sham feeding stimula- 
tion of acid secretion without stimulating (se- 
cretin mediated) pancreatic secretion 


INTERDIGESTIVE PHASE 

Even after prolonged lasts, hvdrothloric acid 
is found m the gastric juice of man as well as in 
that of the dog Both Pavlov and Babkin be- 
lieved that hvdrochloni acid was not secreted 
m the gastric juue during the intcrdigestive 
period When acid was deteded in gastric juice 
of the dog after a prolonged last, it was thought 
to result from either swallowing of saliva, regur- 
gitation of duodenal juues, oi extraneous 
stimuli such as the sight or smell ol food In 
man, Heolzel (192(>) lound variable amounts of 
hydrochloric acid in gastric juice thioughout a 
fast period of 40 days In both man and dog, 
the interdigestive secretion of H('l apparently 
occ\irs m an intermittent or periodic fashion 
The causes of such secretion are not known, 
but mechanisms involved apparent Iv include 
both humoral and neural stimuii A subcuta- 
neous autotransplantcd gastric pouch in a dog, 
devoid of all original extrinsic nerve and vas- 
cular supply, during a fast will secrete acid in- 
termittently This indicat(‘s that the stimuli for 
secretion must be humoral in nature The role 
of the neural pathw<iys is suggested by the fact 
that following vagotomv in man, interdigestive 
secretion of hydrochloric acid is inhibited but 
not completely abolished With intact vagal 
innervation, conditioned reflexes in both man 
and the dog undoubtedly plav a part In addi 
tion, m man, {>sychic stimulation is also prob- 
ably important 

The Normal Coyrse of 
Gastric Secretion 

With the discussion of the various phases of 
gastric secretion as background, we may now 
consider the sequence of events affecting the 
secretion of gastric juice following an “average” 
meal First, there is the sight and smeil and the 
taste of food which, if agreeable, and if the in- 
dividual has an appetite, will initiate the 
psychic or cephalic phase of gastric secretion 
This phase is augmented when the food is ac- 
tually chewed and swallowed The first juice 
secreted has powerful digestive action, particu- 
larly upon the protein constituents of the food 
and releases from the food chemical excitants 
for the second, or chemical, phase of secretion 
These, along with the mechanical action of 
such food particles as enter the pyloric antrum, 
cause the release of gastrin. TTiis augments and 
prolongs the secretion due to the cephalic phase 
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and initiates the gastric phase The gastric 
phase of secretion continues as long as food 
remains in the stomach As soon as the stomach 
is empty and the buffering substances present 
during digestion are no longer available, the 
pH of the antrum or the duodenum falls to a 
point at which the inhibitory effect of acid be- 
comes evident, and that period of gastric secre- 
tion IS brought to an end During the gastric 
phase of secretion, some chyme enters the small 
intestine where, after a variable latent period of 
1 to 2 hr , it initiates the intestinal phase of 
gastric secretion This phase probably accounts 
for less than 209o of the total acid secreted by 
the stomach In duration, however, the intes- 
tinal phase exceeds the other phases, in fact, it 
may persist for as long as 5 hr Following the 
completion of the intestinal phase, the inter- 
digestive phase occurs During the interdiges- 
tive phase, gastric secretion of minimal amount 
occurs intermittently 

Effects of Some Drugs 
on Gastric Secretions 

SECRETORY STIMULANTS 

Histamine is one of the most powerful stimu- 
lants of gastric secretion Even endogenous his- 
tamine liberated within the body, e g , in der- 
mographism, or even by the immersion of the 
hand in cold water at a temperature of 10° C, 
causes a detectable gastric secretory response 
within 15 min Administration of exogenous 
histamine is commonly used in gastric analysis 
Antihistamine agents, such as neoantergen and 
benadryl, do not inhibit gastric secretion 
evoked by histamine Histamine is effective 
when administered subcutaneously in very 
small doses Even a few lOths of a milligram 
(0 2 to 0 3 mg of histamine base) will cause a 
copious secretion in dogs or man A similar 
dose given rapidly intravenously has little effect 
on gastric secretion If given very slowly, over a 
period of an hour, intravenous histamine is as 
effective as subcutaneous histamine in stimu- 
lating gastric secretion It is thought that hista- 
mine acts directly on the parietal cell to stimu- 
late secretion of acid Large amounts of hista- 
mine are found in the gastric mucosa, and 
during active secretion, histamine can be de- 
tected in low concentrations m the gastric juice 
and the urine Histammase, an enzyme that 
destroys histamine, is not found in the gastric 


The effects of histamine on gastric secretion 
have been studied extensively There is a spe- 
cific dose-response relationship, as illustrated 
by Code and associates (1949) in Figure 2 25 
By increasing the dose of histamine m a step- 
like manner, the parietal cells can be stimu- 
lated to produce a “maximal secretory re- 
sponse ” The latter is not equivalent to the se- 
cretory capacity of the stomach, for it has been 
shown that through the administration of a 
parasympathetic drug such as acetyl- /3-methyl- 
choline chloride (Mecholyl), and sham feeding, 
it IS possible to stimulate secretion beyond the 
level achieved by prior histamine administra- 
tion (Marks et al , 1960) Even so, the maximal 
secretory response to histamine has been shown 
to correlate well with the total number of pa- 
rietal cells in the gastric mucosa Cox (1952) has 
attempted to calculate the number of parietal 
cells in the gastric mucosa on the basis of sam- 
pling representative fields using human autopsy 
material Accordingly, the average size of the 
parietal cell population is 1 18 billion in the 
adult male and 0 84 billion in the adult female 
In 15 patients with duodenal ulcer, the average 
number of parietal cells was 1 8 billion (19 bil- 
lion for 11 males and 1 52 billion for 4 females) 
In 13 cases of gastric ulcer (sex not stated), the 



Hours 

Fig 2 25 Dose-response relationship of a Heiden- 
hain pouch to histamine given subcutaneously every 10 
mm Note that after a dose of 0 4 mg of histamine base/ 
10 mm was reached no further increase in gastric se 
cretion occurred even with increasing amounts of hista- 
mine administration (Redrawn from Code et al 1949 ) 


mucosa 
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average number oi parietal ceils was 0 8 billion 
Card and Marks (1960) studied patients before 
and after partial gastrectomy for duodenal ulcer 
by measuring the maximal secretory response 
to histamine and counting the number of pa- 
rietal cells in the portion of the stomach that 
was resected When the reduction in secretory 
response after partial gastrectomy was com- 
pared to the estimated number of parietal celK 
in the resected portion of the stomach, a good 
correlation was found and indicated that I bil- 
lion parietal cells can secrete, on the average, 
25 mEq HCl/hr {Fig 2 26) Marks and his as- 
sociates (1960) have studied the maximal secre- 
tory response to histamine m the dog, and 
compared this to the “parietal cell mass “ A 
linear relationship was demoovst rated These 
investigators found that, in the dog, 1 billion 
parietal cells, when responding maximally to 
histamine, secreted on the average 9 8 mKq 
HCl/3() mm 

HiUalog, an analog of histamine, (3-/d-ami- 
noethylpyrazol) is also a powerful gastric secre- 
tory stimulant It is frequently used in place of 
histamine for gastric analysis, as histalog does 
not produce the undesirable side effects caused 
by histamine 

Pentagastrin, the commercially available 
terminal tetrapeptide of gastrin, is a powerful 
stimulant of gastric secretion and is being 
widely used as a clinical test substance A dose 
of 6 fig /kg intramuscularly or subcutaneously 
produces a peak acid output identical to those 
produced by a maximum dose of gastrin, hista- 
mine, or histalog 

Caffein and alcohol are strong secretory stim- 
ulants The latter has a pronounced secre- 
tagogue action causing the secretion of a juice of 
high acidity and rich in mucin Alcohol exerts 
its secretory action through the liberation of 
gastrin 

Parasympathomimetic agents as acetylcho- 
line, Mecholyl (acetyl- /3-methylchlorine chlo- 
ride), pilocarpine, and nicotine are secretory 
stimulants 

Insulin, m a dosage sufficient to lower the 
blood sugar to about 50 mg /1 00 ml , has an 
effect on the gastric glands similar to that of 
stimulation of the vagus nerves, namely, that 
the output of acid and pepsin is increased By 
an ill-understood mechanism, vagal stimulation 
also causes hypoglycemia Hypoglycemia acti- 
vates sympathetic as well as parasympathetic 
centers Insulin convulsions are merely a fur- 
ther manifestation of this general excitatory 


The Relationship Between the Maximum 
Acid Output and the Parietal Cel! Mass 



Fig 2 26 Tfie reldtionship tiie CTidximum 

nc id output drui thp pdiirtul (tdl niass cakulatoti for the 
resected portion of each of 17 hunuHi stomachs The 
figure indicates that one billion pariC'tal cells cari produce 
approximately 2b mEc^ of HCldir (Rinlrawn from Card 
and Marks 1960) 

effect of hvpogKcemhi ol rapid onset Release 
of gastrin bv the pyloru *intrum mav be re- 
duced bv insulin, as well as hv vagal exc itation, 
both of which are associated with hypogly- 
cemia 

Our understiinding of the iiction of insulin on 
gastric secretion is (‘ompiic at ed b\ observations 
which indicate that the hormone exerts an in- 
hibitory effect m addition to the exiitatniw in- 
fluence )ust described The duration of the in- 
hibitory influence is brief (15 to 30 mm) in 
man, but as long as 1 hr in dogs The mhibi 
tory effect of insulin has been demonstrated 
during intravenous glucose admimstmtion, thus 
ruling out hypoglycemic mediation Insulin in- 
hibition effectively controls gastric secretion 
induced by vigorous histamine stimulation 

Since the effect of insulin on gastric secretion 
IS dependent upon the integrity of the vagus 
nerves, the “insulin test” has been used as a 
means of determining the completeness of ther- 
apeutic vagotomy in human subiects (Hollan- 
der, 1946) A positive insulin test is proof of the 
presence of intact vagus fibers but a negative 
result IS less conclusive, since some subjects 
with intact vagi fail to sedrete m response to 
insulin The test, has, nevertheless, been of 
great value m the surgical control of duodenal 
ulcer. 

SECRETORY DEPRESSANTS 

Belladonna or its alkaloids, atropine and 
hyoscme, and hyoscyamus or its alkaloid hyos- 
cy amine, are secretory depressants These 
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agents are capable of abolishing the cephalic 
phase of gastric secretion through their action 
on the vagus nerves Atropine reduces but does 
not suppress secretion due to histamine, alco- 
hol, or caffeine Atropine has recently been 
shown not to inhibit the release of gastrin in 
response to feeding in man 

Certain synthetic anticholinergic agents 
which inhibit gastric secretion with minimal 
side effects are available These agents are 
commonly used in the control of gastric acidity 
in patients with duodenal ulcer Many of these 
agents have a greater inhibitory action than 
atropine on gastric secretion and motility, and 
have less effect on other peripheral structures 
than atropine does, so that their use for regula- 
tion of gastric secretion becomes feasible In 
general, these parasympatholytic drugs can be 
divided into tertiary and quaternary amines 
The tertiary amines produce few side effects 
but usually are not too potent as secretory in- 
hibitors The quaternary amines, on the other 
hand, are potent secretory inhibitors, and when 
given in adequate therapeutic doses, effectively 
suppress gastric secretion Such agents are par- 
ticularly valuable in controlling the cephalic 
and mterdigestive phases of gastric secretion 
Mild side effects as dryness of the mouth, blur- 
ring of vision, or slowing of the urinary stream 
are not uncommon, however 

Effect of Emotional States 
on Gastric Secretion 

In general, irrespective of the nature of the 
emotion, whether it be fear, anger, or frustra- 
tion, the effect on gastric secretion is one of 
inhibition Beaumont (see 1929 republication) 
observed, in Alexis St Martin, that anger and 
fear caused suppression of gastric secretion In 
his book. Bodily Changes m Pam, Hunger, 
Fear and Rage, Walter B Cannon (1915) fo- 
cused attention on the inhibitory effects of in- 
tense emotions That certain types of emotional 
disturbances stimulate gastric function, in fact 
increase secretion of hydrochloric acid, was first 
demonstrated by Wolf and Wolff (1943) in 
studies on their modern Alexis St Martin, 
Tom Little When exposed to sudden fear or 
pain, Tom’s stomach became pale and ceased 
to secrete hydrochloric acid in accordance with 
the concept popularized by Cannon, however, 
when a situation developed which caused pro- 
longed resentment or deep seated chronic an- 
ger, the opposite effects were observed, the gas- 
tric mucosa became congested and the secre- 


tion of hydrochloric acid was increased The 
weight of evidence indicates that chronic anxi- 
ety, anger, resentment, and fear, if sufficiently 
prolonged, tend to produce effects on gastric 
function characteristic of increased activity of 
the parasympathetic division of the autonomic 
system, including increased secretion of hydro- 
chloric acid by the stomach 

The central mechanism for these effects is 
situated partly in the hypothalamus This por- 
tion of the brain has been shown repeatedly to 
be a center for the coordination of impulses 
involved in emotional expression (Bard, 1928, 
1929, Fulton and Ingraham, 1929) 

It has long been known that stimulation of 
the posterior portion of the hypothalamus 
brings about visceral responses characteristic of 
the activity of the sympathetic division of the 
autonomic nervous system Evidence that the 
vagi, or other parasympathetic nerves, could be 
activated from the hypothalamus has not been 
so abundant, but it is becoming increasingly 
apparent that paras 3 m[ipathetic effects can be 
obtained from various regions of the hypothal- 
amus by appropriate stimulating techniques 
(Strom and Uvn^s, 1950) 

Measurement of Gastric Acidity 

The words “free acid,” “combined acid,” 
and “total acid” were coined at a time when 
we had little understanding of the nature of 
gastric acidity, and little knowledge of ioniza- 
tion and the nature of buffers These terms 
were based on the concept that a certain frac- 
tion of the hydrochloric acid existed free in so- 
lution, a certain other fraction existed in com- 
bination with protein or other acid-absorbing 
substances, and that these fractions could be 
distinguished by the use of indicators We re- 
alize now that indicators merely tell us when 
the solution has reached a certain pH It is cus- 
tomary now to measure titratable acidity by ti- 
tration with 0 1 N NaOH to a fixed end point 
(pH) colorimetrically or electrometrically, and 
to measure hydrogen ion activity with a pH 
meter 

“Titratable acidity = hydrogen ion concen- 
tration + un-iomzed hydrogen concentration” 
IS the current equation instead of the obsolete 
terms “Total acidity = free acidity + com- 
bined acidity ” 

Much discussion has been devoted to the 
question of what is the correct end point for ti- 
tratable acidity Some have suggested pH 7 0 
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as physiochemical neutrality; others recom- 
mend pH of plasma of 7.4. 

It is customary to measure the pH of the gas- 
tric contents using a glass electrode and pH 
meter. pH, it will be remembered, is the nega- 
tive logarithm of the hydrogen ion concentra- 
tion. The glass electrode measures the hy- 
drogen ion activity, not true concentration, and 
can be converted to concentration by a correc- 
tion factor, the activity coefficient. Thus, from 
the pH value, one can calculate the hydrogen 


ion concentration in terms of moles per liter. 
The pH value is particularly useful when the 
acidity is low (James 1957). 

It should be remembered that expression of 
gastric acidity in terms of free acid and total 
acid is an expression of the concentration of 
HCl in the gastric contents. Quantitative data 
of output can be expressed in terms of niillie- 
quiualents of hydrochloric acid secreted per 
unit of time. 
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Sirt'Ct'4i'[i"£ Of ihe Psa'^dCrecs 

The pancreas is both an endocrine and exo- 
crine gland It develops from two outgrowths 
(ventral and dorsal) of the primitive gut The 
ventral pancreatic bud arises with the hepatic 
diverticulum, and together they grow into the 
ventral mesentery The dorsal pancreatic bud 
enters the dorsal mesentery, and, as a result of 
the rotation of the gut together with its mesen- 
teries as well as growth of the pancreatic an- 
lages themselves, the two portions of the pan- 
creas meet along the left border of the duo- 
denum and soon fuse with one another The 
duct of the ventral pancreas becomes confluent 
with that of the dorsal anlage, usually near its 
origin In keeping with the fact that the prox- 
imal portion of this duct was developed in con- 
junction with the liver bud, the definitive pan- 
creatic duct (of Wirsung) enters the duodenum 
in close association with the common bile duct 
That portion of the duct of the dorsal rudiment 
which lies between the duodenum and the 
point of anastomosis with the ventral duct is 
normally retarded in subsequent development 
and becomes the accessory duct or duct of San- 
torini 

The pancreas is a racemose gland, its alveoli 
resembling those of the salivary gland in their 
general arrangement and design The pancreas 
is made up chiefly of groups of cells forming 
acini which tend to be spherical or ovoid in 
general, in the closely packed tissue of the pan- 
creas they are actually polygonal Groups of 
acini form primary lobules, also polygonal m 
contour, which are imperfectly separated from 
other primary lobules by incomplete connective 
tissue septa Numerous adjacent primary lob- 
ules form a secondary lobule The secondary 
lobules are completely surrounded by connec- 
tive tissue The pancreatic tissue proper is 
composed of acinar cells, islet cells, and duct 
cells The acinar cells tend to be pyramidal, 
with the truncated apex of the pyramid di- 
rected toward the lumen They are large with 
well-developed nuclei and abundant granular 
cytoplasm The granules (zymogen granules) 


vary m number and position in the cells de- 
pending upon the activity of the gland, but 
tend to be more abundant m the apical region 
of the cell which is adjacent to the lumen of the 
acinus 

Cells, corresponding m structure to the cells 
of the terminal ducts, may be seen in micro- 
scopic sections within the acini, these are called 
centroacinar cells and contain abundant mito- 
chondria 

INNERVATION OF THE PANCREAS 

The pancreas receives its nerve supply from 
the vagi and splanchnic nerves The extrinsic 
nerve supply to the pancreas passes through the 
celiac plexus and reaches the gland by way of 
the nerve plexus surrounding the arteries, 
chiefly the superior pancreaticoduodenal artery 
The vagus fibers end in the intrinsic ganglia of 
the pancreas From these the parasympathetic 
path IS continued through postganglionic un- 
myelinated fibers to the acinar cells, islet cells, 
and the smooth muscles of the ducts The ef- 
ferent splanchnic fibers, destined to supply the 
pancreas, all end in the celiac and associated 
ganglia From there the sympathetic path is 
continued through unmyelinated, postgan- 
glionic fibers which are distributed solely to the 
pancreatic blood vessels Myelinated visceral 
afferent fibers from the pancreas are also 
present in the splanchnic nerves 

It IS often incorrectly stated that the pancreas 
receives all, or the greater part, of its vagus 
nerve supply from the right vagus This error 
arises from the tendency to overlook the fact 
that after the vagi merge m the esophageal 
plexus, the right and left nerves can no longer 
be distinguished Two or more trunks emerge 
from the esophageal plexus The trunk that 
occupies the more posterior position at the level 
of the diaphragm, although referred to by some 
anatomists as the right vagus, contains fibers 
from both the right and left vagi as they occur 
in the neck When stimulated in the neck, the 
right and left vagi are equally effective in mod- 
ifying pancreatic function 


2-49 



2-50 


SecUon 2 


Pancreatisc J^joce 

The pancreas secretes a colorless, odorless, 
alkaline fluid of low viscosity Exceptional spec- 
imens having a high concentration of enzymes 
may be more viscous Pure pancreatic luice col- 
lected from dogs without loss of carbon dioxide 
has a pH between 8 0 and 8 8 , and a specific 
gravity that ranges from 1 007 to 1 042, but 
usually falls between 1 OH) and I 018 

Pancreatic juice is iso-osmotic with the 
plasma, and its osmolality is independent of 
rate of flow Induced alterations in the osmotic 
pressure of the plasma are followed rapidly 
by corresponding alterations in the juice 

ELECTROLYTE COMPOSITION 

Sodium concentration in the juice is approxi- 
mately equal to Na ^ in plasma water, as is K ' 
concentration both are independent of the rate 
of flow (Fig 2 27) Table 2 8 (Janowitz, 1967) 
records the values for dog pancreatic |uice The 
values for man are similar Calcium concentra- 
tion IS lower (17 i 0 3 mmol /kg HgO) than 
m plasma Calcium appears to enter pancreatic 
juice along with the enzymic components, not 
with the major electrolyte (HCO 3 ) containing 
fluid 

It is now well established that the bicar- 
bonate and chloride concentrations of pan- 
creatic juice vary m a reciprocal manner, so 
that the sum of the two expressed in milliequiv- 
alents is approximately constant and nearly the 
same as the total cation of the blood plasma In 
human pancreatic juice, Janowitz and Dreiling 
(1962) have found the sum of bicarbonate and 
chloride concentrations to remain remarkably 
constant at different secretory rates They re- 
ported a value of 154 ± 10 mmoles/kg H 2 O 



Secretory rate (ml7min) 

Fig 2 27 Relation between rate of secretion and con- 
centrations of alectrolytes (From Bro- Rasmussen et al 
1956) 


Table 2 8 

Electrolytes of doq serum and pancreatic luice 

Semm Juice 

mmoleAg HX) mmole/kg H^O 

(T 117 8 t 4 8 

Total CO, 28 J 154 h 10 

Na' 15,U i 12 154 i 7 

K ' 5 110 3 i 8 l 0 9 

H/) 92 98', 

From Janowit/ (l%7)p 920 

The bicarbonate concentration increases and 
the chloride concentration decreases with in 
creasing rates of secretion This relationship 
holds over a wide range of secretory rates and 
IS such that a straight line lesults when the log- 
arithm of the bicarbonate concentration in mil- 
hequivalents/liter is plotted against the recip- 
rocal of the rate of secretion expressed as cubic 
centimeters of secretion per kilogram of body 
weight per minute, the slope indicates an in- 
verse relation The maximum bicarbonate con- 
centration in juice collected from different dogs 
ranges between 135 and 148 mKq /liter and the 
maximum rate of secretuin is about 01 
ml /kg /mm , or about 1 ml /min for a lO-kg 
dog, higher rates than this are occasionally 
seen The relationship of bicarbonate concen- 
tration to flow rate in pancreatic juice collected 
from man is illustrated m Figure 2 28 In addi- 
tion to chloride and bicarbonate, the pancreatic 
juice contains a small amount of phosphate, but 
less than that occurring in blood plasma The 
electrolyte composition of a sample of human 
pancreatic juice secreted at a relatively high 
rate is illustrated m Figure 2 29 

PROTEIN CONTENT 

The protein content of pancreatic juice vanes 
over a wide range, but m an orderly manner 
with the conditions governing secretion In 
samples of dog's pancreatic juice collected 
under different conditions, the protein content 
varied between 0 1 and lO^V Concentrations 
found in human pancreatic juice collected 
through fistulas are nearer the lower extreme, 
ranging from 0 1 to 0 3^7 The protein m the 
juice consists mainly of enzymes Using electro- 
phoresis, it has been possible to determine that 
there are at least 10 distinct proteins m pan- 
creatic juice, with the possibility of still others 
that fail to separate out m the time during 
which the electrical field is maintained (Gross- 
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Fig 2 28 Maximum bicarbonate concentration ob- 
served at different rates of pancreatic secretion in normal 
subjects following stimulation of the pancreas with intra- 
venous secretin (Redrawn from Dreilmg and Janowitz 
1959 ) 

berg, Komarov, and Shay, 1952) This method 
of separating the proteins of pancreatic juice 
also separates the enzymatic activity, proteo- 
lytic activity IS found in one component, lipo- 
lytic activity in another, and amylolytic activity 
in another In man, the following enzyme pro- 
teins have been reported amylase, lipase, 
trypsmogen, chymotrj^smogen, procarboxy- 
peptidase A and B, ribonuclease, deoxyribo- 
nuclease, proelastase, and trypsin inhibitor 

PANCREATIC ENZYMES 

The enzymes of pancreatic juice are capable 
of digesting all three classes of foodstuff The 
proteolytic enzymes, as they occur in the pan- 
creatic tissue and freshly secreted pancreatic 
juice, possess no proteolytic activity and are 
referred to in that state as proenzymes and 
require activation For trypsin the proenzyme is 
trypsmogen Kunitz and Northrup (1934) have 
shown that what was called trypsin or trypsi- 
nogen consists of at least two components, for 
one of which they retain the name trypsin and 
for the other they coined the name chymo- 
trypsin The proenzyme of chymotrypsm is 
known as chymotrypsinogen 

Trypsmogen, The molecular weight of tryp- 
sinogen is approximately 25,000 Trypsmogen is 
a single polypeptide chain containing 229 
ammo acid residues (Neurath, 1964) Cleavage 
of trypsmogen between residues 6 and 7 yields 
active trypsin. As an enzyme trypsin hydrolyzes 
native protein, producing proteoses and pep- 
tides it accelerates coagulation of the blood, in 
which it acts as a thrombokinase In its action 
on proteins, tiypsm hydrolyzes only those pep- 
tide bonds whose carbonyl group is contributed 


by an ammo acid that has a positively charged 
side group as arginine or lysins Trypsin cleaves 
peptide bonds that occupy an internal position 
in a polypeptide chain and also is referred to as 
an “endopeptidase ” Its optimum pH for casein 
lies between pH 8 and 9 

Trypsmogen is indistinguishable on chemical 
analysis from trypsin, but has different solubili- 
ties and a different crystalline form, and it ex- 
hibits no proteolytic activity It changes sponta- 
neously m solution to active trypsin, but the 
change is accelerated by acid or by exposure to 
concentrated magnesium sulfate, calcium chlo- 
ride, active trypsin, or to certain activating 
enzymes called kinases The effectiveness of 
trypsin in the activation of trypsmogen is of 
great importance because such autocatalytic 
reactions progress with great rapidity once they 
are started and require only minute amounts of 
activating agents to set them going Sponta- 
neous activation of trypsmogen is suppressed in 
crude extracts (and doubtless also m living 
pancreas) by the presence of a trypsin inhibitor 
Trypsmogen is activated on contact with the 
intestinal mucosa by an enzyme m the mucosa 
called enterokinase Enterokinase does not 
appear in the intestinal secretion m the absence 
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Fig 2 29 Example of the electrolyte composition of 
human pancreatic juice secreted at a high flow rate of 3 5 
ml /mm 
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of pancreatic juice but is present in intestinal 
mucosal extracts 

Cli5rmotrypsiiiogeii Chymotrypsmogen has 
a molecular weight of approximately 25,700 
and, like trypsmogen, is a single polypeptide 
chain containing 246 ammo acid residues, or 17 
more than trypsmogen (Neurath, 1964) When 
cleaved between residues 15 and 16, chymo- 
trypsinogen is converted to the active enzyme 
chymotrypsm The “active centers” of both 
tiypsin and chymotiypsin are remarkably sim- 
ilar In each enzyme a “histadme region” and a 
“serine region” have been localized and found 
to be connected by disulfide bonds (from two 
half-cystine residues) that lock the histadme 
and serine residues in a fixed position 

Chymotrypsmogen is converted to chymo- 
trypsm by active trypsin only, but indirect acti- 
vation can be accomplished by enterokinase if 
trypsmogen is also present If chymotrypsi- 
nogen is activated rapidly by fairly large 
amounts of tiypsin, 7r-chymotrypsin is formed 
which then changes spontaneously to 5-chymo- 
trypsm, as a result of the x- chymotrypsm 
acting upon itself If smaller amounts of trypsin 
are used the major products are a-, iS-, and 7- 
chymotrypsin which appear to have essentially 
the same molecular weight as chymotrypsi- 
nogen and x- and 5-chymotrypsin A sixth 
type, known as chymotrypsm (and chymotryp- 
sinogen) ft also has been isolated The activity 
of chymotrypsm is comparable to that of 
trypsin but it has different specificities, for 
example, it coagulates milk but not blood 
Chymotrypsm digests casein somewhat more 
rapidly than does trypsin, but the digestion is 
carried much further by a mixture of the two 
enzymes than by either alone, indicating that 
the two enzymes attack different linkages in 
the protein molecule Chymotrypsm acts prefer- 
entially on peptide bonds whose carbonyl group 
IS adjacent to an amino acid residue that has a 
six-carbon ring in its side group, as tyrosine 
and phenylalanine Like trypsin, chymotrypsm 
is also an “endopeptidase,” and cleaves peptide 
bonds that occupy an internal position in a poly- 
peptide Chymotrypsm is reversibly inacti- 
vated by boiling in acid solution Its optimum 
activity occurs in the same pH range as that of 
trypsin 

Other Proteolytic Enzymes. The peptides 
resulting from protein digestion by trypsin and 
chymotrypsm are further digested by enzymes 
knovm as peptidases Most of these come from 


the intestinal mucosa, but two have been iden- 
tified and isolated from pancreatic juice en- 
zymes known as carhoxy peptidase A and B, 
“exopeptidases” which split off the end amino 
acid containing a free carboxyl group from poly- 
peptides In fresh pancrease, they occur in an 
inactive form, procarboxypeptidase A and B, 
and, like chymotrypsmogen, are activated by 
trypsin 

Pancreatic juice also contains nbonudease 
and deoxyribonuclease, which partially hydro- 
lyze the corresponding nucleic acids into mono- 
nucleotides The optimum pH for deoxyribo- 
nuclease is in the neighborhood of 7 Ekstase 
(Balo and Banga, 1949), and more recently, 
collagenase (Houck and Patel, 1962), have also 
been demonstrated in pancreatic juice 

Lipase Pancreatic lipase accounts for the 
ability of the juice to emulsify and hydrolyze 
fats This enzyme is known principally through 
its activity and has not been isolated m a pure 
state or crystallized Pancreatic lipase hydro- 
lyzes fat only m the presence of bile salts or 
other substances with similar properties, for 
example, some of the synthetic detergents Bile 
salts in high concentration inhibit the action of 
lipase, as do salts of certain heavy metals, e g , 
copper, iron, and cobalt, it is also inhibited by 
the halogens, fluorine, iodine, and bromine 
The pH at which pancreatic lipase exhibits its 
optimum activity vanes with the substrate, but 
is always on the alkaline side of neutrality 
Pancreatic lipase hydrolyzes triglycerides to 
free fatty acids and glycerol 

Pancreatic juice also contains two phospholi- 
pases Phospholipase A splits a fatty acid off 
lecithin or cephalin to form lysolecithin or lyso- 
cephalm Phospholipase B is capable of split- 
ting a fatty acid off lysolecithin to form glyceryl- 
phosphoryl-cholme 

Amylase. Pancreatic amylase is an a-amy- 
lase, as is salivary amylase Amylase has been 
isolated m crystalline form from human pan- 
creas The molecular weight is approximately 
45,000 Pancreatic amylase splits an a:-l,4-gly- 
cosidic bond to hydrolyze starch to maltose 
The amylolytic activity has an electrophoretic 
mobility in human serum similar to that of 7 
globulin Amlyase is excreted in the urine and 
the amylolytic activity of urine is an excellent 
indicator of the amount of amylase released 
from the pancreas into the blood Pancreatic 
amylase is secreted in active form but becomes 
inactive if dialyzed against distiUed water— 
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owing to the removal of neutral salts which are 
thus proved to be essential for the activity of 
the enzyme The most efficient activating ion is 
chloride The optimum pH for activity of pan- 
creatic amylase vanes between 6 9 and 7 1 The 
enzyme digests glycogen as well as starch, and 
under favorable conditions, the end product m 
both instances is maltose 

The importance of the pancreatic enzymes in 
digestion is evidenced by the fact that when 
pancreatic juice is excluded from the intestine 
by pancreatectomy or ligation of the ducts, 
there is serious impairment of digestion and 
absorption of the various foodstuffs This is 
most pronounced m the case of fat and protein, 
unabsorbed fat particularly appearing in large 
amounts in the stools The bicarbonate of the 
juice also serves the neutralize the gastric juice 
as it enters the intestine and to establish m the 
intestine a pH more favorable for intestinal 
digestion than would otherwise be the case 

Mechanism of Pancreatic Secretion 

It has long been assumed that the inorganic 
constituents of pancreatic juice are secreted by 
the same cells that produce the enzymes, 
namely the acinar cells However, the fact that 
fluid secretion and enzyme secretion are sepa- 
rately regulated raises a theoretical objection to 
this view All current theories of stimulation re- 
quire that cells shall respond to a stimulus with 
a characteristic type of functional activity re- 
gardless of the nature of the stimulus In the 
other digestive glands, about which we have 
more information, each component of the secre- 
tion that is independently regulated is formed 
by a different type of cell We must also take 
account of the clinical observation that in certain 
types of pancreatic disease, enzyme secretion 
may be depressed or absent, whereas secretion 
of fluid and bicarbonate remains normal (Lager- 
Ibff, 1939, Friedman and Snape, 1950) On the 
other hand, in glands injured by alloxan, fluid 
secretion may be subnormal, whereas enzymes 
are secreted normally This latter observation, 
reported by Grossman and Ivy (1946), contams 
a hint as to a possible solution of the problem 
Histological examination of the gland which 
failed to respond normally to secretin showed 
no injury to the acinar cells, but the cells of the 
intralobular ducts appeared abnormal, in par- 
ticular, they exhibited vacuolization The intra- 
lobular duct cells are continuous with the cen- 
troacmar cells that line the alveoli and are 


identical with these cells m their cytoiogical 
structure It is now thought that cells of this 
type secrete water and bicarbonate and that the 
acinar cells secrete the enzymes 

Finally, the enzyme carbonic anh\drase has 
been demonstrated by histochemical methods 
only m ductular epithelium, and in view of the 
role of carbonic anhydrase in the secretion of 
HCO3, suggests further that this structure is 
involved in the elaboration of water and elec- 
trolytes 

In discussing details of the mechanism of 
pancreatic secretion, the secretion of fluid and 
electrolytes will be considered separately from 
the secretion of enzymes The evidence pre- 
sented above indicates that pancreatic juice 
like gastric juice, is a mixture of secretory prod- 
ucts from different glandular structures that are 
under the influence of separate regulatory 
mechanisms 

FLUID AND ELECTROLYTE SECRETION 

Three hypotheses have been suggested to 
account for the variation m composition of the 
electrolytes of pancreatic juice (See Fig 2 30) 

1) Admixture concept the pancreatic juice is 
visualized as a mixture of three fluids neutral 
chloride at 174 mEq /liter, HCO3 at 174 
mEq /liter, and a third fluid containing en- 
zymes, mucus, and an acid chloride 

2) Exchange mechanism the pancreatic juice 
is formed by the elaboration by the centroa- 


Ducts Acini 



2 secretions rates 


Ducts Acini 



, ^ Variable 

I secretion composition 


Ducts Acini 



I secretion - transit 

Fig 2 30 Hypothetical mechanisms of pancreatic se- 
cretion (From Makhlouf and Blum 1970) 
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cinar cells of a HCO3 solution (isotonic with the 
plasma, 150 to 160 mEq /liter) and exchange of 
HCO3 for Cl as the fluid traverses the pan- 
creatic collecting ducts 

3) A unicellular concept m which a single 
source elaborates a juice which the concentra- 
tion of HCO3 and Cl vary 

The available data do not permit any conclu- 
sive choice among these alternatives, although 
perfusion and stop flow studies indicate that 
HCO3 and Cl can exchange passively Micro- 
puncture experiments are difficult to reconcile 
but some do indicate that HCO3 is added to 
the juice along the smallest radicles of the duc- 
tular system 

The bicarbonate in pancreatic juice is 
thought to come from both metabolic CO 2 and 
HCO3" from the blood plasma The pancreas 
contains an abundance of carbonic anhydrase, 
suggesting that it plays a role in the formation 
of bicarbonate It has been demonstrated that 
acetazolamide (Diamox), a potent carbonic 
anhydrase inhibitor, is capable of inhibiting 
the secretion of bicarbonate by the pancreas 
(Dreiling and Janowitz, 1959) 

If the concentration of sodium or potassium 
IS increased in the plasma by injecting hyper- 
tonic NaCl or KCl, the concentration of these 
cations is increased in the pancreatic juice to 
the same degree (Ball, 1930) In addition, if 
radioactive sodium is administered intrave- 
nously, it appears in pancreatic juice within 3 
mm, and after 15 min the activities of the iso- 
tope in pancreatic juice and serum are essen- 
tially the same (Montgomery, Sheline and 
Chaikoff, 1941) 

Discussion so far has stressed the role of 
transport of the anions (HCO3 ^^id Cl), how- 
ever, some recent evidence suggests that an ac- 
tive role for sodium transport may also exist 
The enzyme, adenosine triphosphatase (ATP- 
ase), shown to be involved in the active trans- 
port of Na in the kidney and elsewhere has 
been demonstrated in the pancreas, and inhibi- 
tors of this (Na, K) ATPase, such as ouabain, 
inhibit pancreatic secretion of fluid signifi- 
cantly It may be that the secretion of Na and 
HCO3 are coupled 

SECRETION OF ENZYMES 

Secretion of enzymes by the pancreas in- 
volves at least three distinct processes 1) syn- 
thesis within the cell of the enzymes or their 
synthesis within the cell of the enzymes or their 


precursors, 2) storage of the enzymes within the 
cell in the form of zymogen granules, and 3} 
discharge of the enzymes from the secretory 
cells into the ducts 

Synthesis is a continuous process, dependent 
upon the availability of various ammo acids 
that are required for the synthesis of the en 
zymes The nature of the dietary protein, and 
m particular its ammo acid composition, has a 
profound effect on the total concentration of 
enzymes in the pancreas 

Interesting light has been shed on the syn 
thesis of enzymes by the studies of Hokin 
(1951, 1952) and Hokin and Hokm (1956) on 
pigeon and mouse pancreas in vitro They 
found that pigeon pancreas slices would synthe 
size amylase in vitro m glucose solutions, in 
serum, m ammo acid solutions, and m saline 
Synthesis was most rapid m solutions of ammo 
acids and least rapid m normal saline, it pro 
ceeded at an intermediate rate in serum One 
can see here the effect of an increased concen 
tration of reacting substances (amino acids) on 
synthesis of protein by the cells of the pancreas 
Although pancreozvmin and parasympa 
thomimetic drugs caused discharge of amylase 
from the cells into the surrounding medium 
(secretion), the rate of synthesis of the enzymes 
was not materially affected Certain ammo 
acids were essential for synthesis but others 
could be supplied from sources in the medium 
Those essential for maximum synthesis were 
tiyptophane, arginine, threonine, valine, tyro- 
sine, lysine, leucine, histadme, isoleucine, and 
phenylalanine 

The synthesized material appears as zymogen 
granules, which accumulate in the resting gland 
until they come to occupy most of the available 
space within the cells (Hirsch, 1939, Hirsch et 
al , 1957, Sluiter, 1944) Under the influence of 
appropriate stimuli the zymogen granules di- 
mmish in number and in size, at the same time 
enzymes appear in the secretion Stimuli such 
as HCl and secretin, which produce a watery 
secretion with a low enzyme content, have little 
effect on the granules, whereas stimuli which 
call forth secretion rich in enzymes deplete the 
granules and, if they act over a long period of 
time, may leave the cells almost free of zym- 
ogen granules 

According to the observations of Hokin and 
Hokin (1956) on pancreatic and salivary gland 
slices in vitro, effective stimuli for secretion of 
enzymes cause a remarkable increase in the 
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rate of turnover of phosphorus and its incorpo- 
ration into the other soluble phospholipids, pos- 
sibly in the phospholipids of the plasma mem- 
brane 

Palade, Siekevitz and Caro (1962) have used 
electron microscopy and autoradiography to 
study intracellular synthesis, storage, and 
transport of enzymes Radioactive carbon -la- 
beled leucine was injected into guinea pigs 
Pancreatic tissue was obtained at different time 
intervals for examination by electron micros- 
copy and autoradiography Within 3 mm , high 
specific activity was found in the ribonucleic 
acid (RNA) particles or ribosomes attached to 
the <a;-cytomembranes (endoplasmic reticulum) 
From the ribosomes, a-chymotrypsmogen of 
high specific activity was obtained by means of 
column chromotography The labeled enzyme is 
then transferred into cisternae formed from the 
a-cytomembranes These structures have been 
termed ‘Tough -surfaced cisternae,” due to the 
attached ribosomes Just how the enzyme is 
transferred from the ribosome across the cis- 
ternae membrane is not known In the region of 
the Golgi apparatus, the enzyme content of the 
rough-surfaced cisternae is transferred to 
smooth-surfaced vacuoles This occurs about 20 
min after the administration of the labeled 
ammo acid It is in the smooth-surfaced vac- 
uoles that the enzyme is concentrated and 
stored The filled vacuoles are recognized by 
light microscopy a .ymogen granules ” The 
stage of storage in a “mature” zymogen granule 
is reached in about 45 mm In this form, en- 
zymes can remain in storage for hours until 
discharged into the acinar lumen The process 
of discharge of the contents of the zymogen 
granules is thought to involve a coalescence of 
the membrane of the zymogen granule with the 
plasma membrane of the cell The various 
stages of the process just described are illus- 
trated in Figure 2 31 The pancreatic acinar 
cell is capable of secreting enzymes at a high 
rate, even after zymogen granules have been 
depleted Thus other pathways than via 
storage m a zymogen granule probably exist for 
the secretion of pancreatic enzymes 

Control of Pancreatic Secretion 

The pancreas is under the control of both 
nervous and humoral mechanisms The nervous 
control of pancreatic secretion is provided by 
both the sympathetic and parasympathetic di- 
visions of the autonomic nervous system In 



Fig 2 31 Diagram illustrating the various stages of 
synthesis storage and secretion of pancreatic enzymes by 
the acinar cell of the guinea pig 1 enzymes are synthe 
sized by the ribosomes and transported into a rough-sur 
faced cisterna 2 enzymes are transferred from the rough 
surfaced cisterna into a smooth surfaced vesicle 3 and 4 
near the Golgi apparatus enzymes are concentrated 
within the smooth-surfaced vesicles to become 5 a ma 
ture zymogen granule 6 illustrating the secretion' of 
enzymes into the lumen of the acinus (Redrawn from Pa 
ladeetal 1962) 

addition, there is evidence that a local cholin- 
ergic mechanism, independent of vagal inner- 
vation, may play a role m controlling pan- 
creatic secretion Humoral control of pancreatic 
secretion is provided by the hormones secretin, 
pancreozymin, and gastrin 

NEUROGENIC CONTROL 

The effects of sympathetic stimulation on 
pancreatic secretion are variable Both augmen- 
tation and decrease m flow rate have been re- 
ported Atropine is said to block the effects of 
sympathetic stimulation, causing an increase in 
flow rate, indicating that cholinergic secretory 
fibers are present in the sympathetic mnerva- 
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tion of the pancreas As in the stomach, sympa- 
thetic stimulation can influence pancreatic se- 
cretion indirectly, due to changes in blood flow 
through the organ Sympathetic stimulation 
may also alter the flow rate due to effects on 
the pancreatic ducts, since constriction of the 
ducts would slow the passage of pancreatic 
juice 

Stimulation of the vagus or parasympathetic 
innervation of the pancreas results in the secre- 
tion of enzymes but has little or no effect on 
the secretion of bicarbonate Acetylcholine is 
the mediator of the vagal effect Vagotomy and 
atropine markedly depress the secretion of en- 
zymes by the pancreas The effects of vagal 
stimulation on pancreatic secretion can be 
demonstrated easily m the experimental an- 
imal In a dog with an esophagogasti ostomy 
and pancreatic fistula, sham feeding produces a 
prompt secretion of enzymes by the pancreas 
Insulin hypoglycemia, known to produce vagal 
stimulation, also results in the secretion of en- 
zymes Electrical stimulation of the peripheral 
segment of the cut vagus produces a similar 
response Cholinergic drugs, as pilocarpine, 
stimulate pancreatic secretion of enzymes 
whereas atropine and anticholinergic agents 
produce inhibition However, these kinds of 
stimuli may release gastrin from the antrum or 
upper gastrointestinal tract as well 
The presence of a gastropancreatic reflex has 
been demonstrated by White, Lundh and 
Magee (1960) In dogs, these investigators 
found that distending the fundus of the 
stomach with a balloon caused an increase in 
volume and enzyme output in pancreatic juice 
Vagotomy abolishes the gastropancreatic reflex 
for a few weeks but then it returns, suggesting 
that local reflex pathways exist which are inde- 
pendent of vagal innervation 

HUMORAL CONTROL 

The two hormones, secretin and pancreo- 
zymin^ provide for the humoral control of pan- 
creatic secretion Both of these hormones can 
be extracted from the mucosa of the duodenum 
and upper small bowel The specific cells in the 
mucosa that produce secretin and pancreo- 
zymin are not known Under normal circum- 
stances, secretin and pancreozymin are released 
into the blood by appropriate stimuli and ear- 
ned to the pancreas to produce their effects 
Dilute hydrochlonc acid in the duodenum is a 
potent stimulus for the release of secretin Pep- 


tones or products of protein digestion serve 
equally well for the release of pancreozymin 
Secretin acts on the ductule oi centroacinar 
cells to stimulate them to secrete water and 
bicarbonate while pancreozymin stimulates the 
acinar cells to secrete enzymes 
Secretin The discovery of secretin in 1902 
by Bayliss and Starling was an event of great 
historical significance, inasmuch as secretin was 
the first chemical substance known to be se- 
creted into the blood and act as a stimulus to 
an organ at a distance from the site of its for- 
mation Recognizing this fact, Bayliss and 
Starling coined the word hormone to charac- 
terize this and similar substances Before the 
discovery of secretin, it was known that acid in 
the intestine induced secretion of pancreatic 
juice m animals in which all the nerves to the 
pancreas and to the intestine had severed 
While workers in Pavlov’s laboratory m St 
Petersburg were busily searching for the un- 
known nervous pathways which, they supposed, 
conveyed impulses to the pancreas after all the 
known fibers had been cut, Bayliss and Star- 
ling m England did the simple experiment of 
making an acid extract of the mucous mem- 
brane of the intestine and injecting it into an 
animal This caused the pancreas of the in- 
jected animal to secrete The excitement in 
Starling’s laboratory can well be imagined A 
“chemical reflex” had been discovered, some- 
thing hitherto unknown in physiology They 
called the new substance secretin 

In the introductory section the structural 
formula of the polypeptide secretin with its 27 
amino acids has been presented In contrast to 
gastrin, the entire molecule is required to stim- 
ulate the pancreas to secrete a bicarbonate se- 
cretion at high rates of flow 
Pancreozymin. The crude extract prepared 
by Bayliss and Starling caused the pancreas to 
secrete enzymes as well as water and bicarbon- 
ates Since purified secretin seemed to stimu- 
late only the output of water and bicarbonate, a 
search was made by Harper and Raper (1943) 
for the material in the extracts which stimu- 
lated secretion of the enzymes They succeeded 
in separating a fraction which did not increase 
the volume of pancreacic juice but did greatly 
increase the enzyme concentration This sub- 
stance they called pancreozymin 
The formula of this 33 ammo acid polypep- 
tide has already been presented, which has the 
same terminal tetrapeptide as gastrin, is iden- 
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tical with choiecystokinm, and causes the pan- 
creas to release its enzymic content with little 
fluid 

It has long been known that hydrochloric 
acid m the intestine liberates secretin into the 
blood, thus causing the pancreas to secrete The 
flow of pancreatic juice is also increased by dis- 
tilled water, hydrochloric acid, soaps, and pep- 
tones The enzyme concentration is also in- 
creased by these same stimuli, thus proving 
that both secretin and pancreoz 3 nnin are re- 
leased by all the ordinary stimuli used to excite 
pancreatic secretion 

INTERACTION OF NERVOUS AND 
HUMORAL CONTROL MECHANISMS 

Although the various nervous and humoral 
control mechanisms have been discussed as 
separate or individual factors capable of influ- 
encing pancreatic secretion, the student should 
not be misled in thinking each mechanism acts 
independently of all others The pancreatic re- 
sponse to a meal indicates that in all likelihood 
there is a high degree of interdependence be- 
tween the neural and humoral mechanisms 

In a recent review, Preshaw (1967) concluded 
‘‘mainly from studies with anticholinergic 
drugs” that cholinergic mechanisms contribute 
to the action of secretin on pancreatic secre- 
tion, but it is uncertain whether this mecha- 
nism is independent of the vagus He found 
little evidence to indicate that the release of 
pancreozymin involved similar cholinergic 
mechanisms Recognition that gastrin stimu- 
lates pancreatic enzyme secretion reinstates the 
vagus in this chain Potentiation between 
neural and hormonal mechanisms of pancreatic 
secretion have not been established 

Tests of Pancreatic 
Exocrine Function 

Pancreatic exocrine insufficiency may be 
caused by a number of diseases affecting the 
pancreas Since the pancreas is the principal 
source of lipase furnished to the upper small 
bowel for the digestion of fats, an insufficient 
amount of pancreatic juice and its contained 
lipase results in maldigestion of fats and causes 
steatorrhea The gastric juice provides pepsin 
and secretions from the small bowel (succus 
entericus) provide proteol 3 ^ic enzymes so that 
maldigestion of proteins is not as marked as the 
defect in fat digestion Amylase provided by 


the salivary glands and various disaccharidases 
provided by the small intestines also promote 
digestion of carbohydrates, even in severe exo- 
crine insufficiency of the pancreas Thus, the 
principal clinical manifestation of pancreatic 
exocrine insufficiency is an excess of fat ex- 
creted in the feces 

FECAL FAT EXCRETION 

A commonly used test for the detection of 
pancreatic exocrine insufficiency is the quanti- 
tative measurement of fecal fat excretion 
Normal individuals on an average diet seldom 
excrete more than 6 or 7 g of fat m the feces m 
a 24-hr period Patients with exocrine insuffi- 
ciency of the pancreas may excrete up to 50 g 
of fat/24 hr , depending upon the dietary fat 
intake and the seventy of the insufficiency 

SECRETIN AND PANCREOZYMIN TESTS OF 
PANCREATIC FUNCTION 

Since secretin and pancreozymin m inject- 
able form have become available, tests of pan- 
creatic function using these hormones as 
stimuli have been developed Secretin was first 
available m a form pure enough for use in 
humans and more experience has accumulated 
^th it The secretin test was introduced by 
Agren, LagerlOff, and Berglund (1936) and has 
been used extensively in this country and 
abroad It is wise to test the patients for hyper- 
sensitivity to the secretin preparation before 
conducting the test To perform the test, a 
double-lumen tube is passed through the pa- 
tient's nose or mouth, into the stomach for 
drainmg gastric juice, and the other mto the 
duodenum for collecting the pancreatic and 
duodenal secretions It is important that the 
double-lumen tube be positioned accurately by 
means of fluoroscopy The gastric and duodenal 
secretions are collected separately Gastric juice 
IS usually aspirated continuously by a low pres- 
sure vacuum pump while the duodenal contents 
are aspirated periodically Samples are col- 
lected during 10 or 20 mm intervals After a 
control period of approximately 30 min , to pro- 
vide for clearing of the duodenal samples of 
gastric juice, secretin, in a dose of 1 clinical 
unit/kg body weight, is given slowly intra- 
venously over a 4- to 5-mm period The duo- 
denal contents are then collected in separate 
10- to 20-min samples for a period of time, 
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Secretin-Pancreatic Response Pancreozymin -Pancreatic Response 





Fig 2 32 Volume bicarbonate and amylase response following the administration of secretin and pancreozymin to 
a normal subject The hormones were administered intravenously in a dose of 1 unit/kg (Redrawn from Dreilmq et al 
1964) 


usually 30 to 80 mm Volume, pH, bicarbonate, 
and enzyme determinations are made on the 
samples collected from the duodenum 

With normal function, there is a rapid in- 
crease in flow rate following secretin injection, 
with the maximum flow rate usually being 
reached in 20 mm A flow rate of 1 to 2 ml /kg 
weight /30 mm is usually obtained in normal 
individuals The bicarbonate concentration in- 
creases with the flow rate and may go as high 
as 140 to 150 mEq Alter As the flow rate in- 
creases, there is an associated decrease in en- 
zyme concentration In patients with obstruc- 
tion of the pancreatic ducts due to neoplasm or 
calculi, there is a reduction in flow rate In dis- 
eases of the pancreas associated with destruc- 
tion of the secreting parenchyma, such as pan- 
creatitis or fibrocystic disease, a reduction in 


flow rate also is observed In inflammatory dis- 
eases of the pancreas, the bicarbonate concen- 
tration may be markedly reduced A concentra- 
tion of 90 mEq Alter is usually taken as the 
lower limit of normal for bicarbonate 

When pancreozymin is used as a stimulus for 
pancreatic secretion to test pancreatic function, 
the procedure of the test is the same as that 
described for the secretin test As a matter of 
fact, secretin and pancreozymin are frequently 
used together in testing pancreatic function 
There is some disagreement as to which hor- 
mone should be administered first when they 
are used together English and European 
workers have tended to give secretin first, fol- 
lowed by pancreozymin in 30 mm (Burton et 
al , 1960), while workers in the United States 
seem to prefer the reverse order, giving pan- 
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creozymin first, followed 10 min. later by se- 
cretin (Sun and Shay, 1960). Dreiling and Jan- 
owitz (1962) have used both sequences of se- 
cretin-pancreozymin and pancreozymin-se- 
cretin in testing pancreatic function and have 
come to the conclusion that the addition of 


pancreozymin to the standard secretin test 
technique does not significantly improve the 
diagnostic accuracy of the procedure. 

The separate effects of secretin and pancreo- 
zymin on pancreatic secretion of man are illus- 
trated in Figure 2 32. 
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Bile IS a mixture of setretorv and excretory 
products consist ot water, hiie salts bile 
pij^nients, inorj^anic vilts, and a mixture ol 
lipid material includinj^ (ats cholesterol .ind 
lecithin In most animals and m<in bile is 
iormed conlinuousK by the li\er In its tnins- 
port to the intestinal trad, bile lust passes 
along the bile capillaries, then the hepatic <ind 
cystic ducts to the gallbladder wherv it is stored 
and concentrated The c^x pulsion ol bile Irom 
the gallbladder and its p«issage along the 
common bile duct into the duodenum is inter 
mittent, related in tune to the arrival ot tood in 
the intestine, and is ciuite independent ol the 
tormation ol bile bv the liver 

Hepatic Architecture 

Microscopic sections of the normal human 
liver reveal a rather chanicteristic arrangement 
ol the hepatic ceils (Iroiips of ceils appear to be 
arranged m a lobular fashion around a central 
vein, with the penpherv of the lobule dehne 
a ted by the presence of portal triads A portal 
triad consists of a small arteriole of the hepatic 
artery, a venule derived from the portal vein, 
and a bile ductule^ The central vein of the he- 
patic lobule drains into the hepatic vein 

It was originally thought that the liver cells 
were arranged m cords, two cells thick, with a 
bile capillary embedded in the center of the 
cord between the cells It is now realized that 
liver cells are not arranged in cords as pre- 
viously supposed, but m the form of phten one- 
cell thick that provide a honeycomb or sponge- 
hke architecture (Ehas, 1949, 1953) 

Throughout the sponge-hke structure, the cell 
plates are tunneled by a communicating system 
of cavities known as lacunas The lacunas con- 
tain the blood sinusoids which have a basement 
membrane formed of Kupffer cells The very 
narrow space separating the sinusoidal wall 
from the liver cell plates is known as Dme^s 
space. The sinusoids convey blood from the 
portal vein and heptic artery to the hepatic 
vein. 

The bilmry camlkuli are located within the 
liver ceU plates, and are arranged in a commu- 
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mealing svstem surrounding the hepatic cells 
The liver eeil thus torms a nanow wall between 
the blood stream on the one hand and the bile 
stream on the othei 

The electron microscope has provided new 
intoimation regarding the lelationship of the 
h\ei cells to the biliarv eanaluuii The bile 
canaluuius is a sfiace less than 1 ^ in diameter 
between neighboring livcu cells The boundaries 
of th(‘ canaliculus <ire formed hv the plasma 
membrane of the liver cells, <uKi small finger 
like projeclions or micro\ilh extend from the 
liver (‘ells into the hirncui of the canaliculus It 
will be recalled that this arrangement ibcharac 
tenstu of surfaces aiToss whicdi fluid transfer 
cK'curs In the pericanalicular /one, a mem 
brane svstem of lamelLis and Vticuoles ls always 
present This is the (lolgi complex Free nbo 
sornes, vacuoles, and dark, rounded bodies 
oc'cur in the pericanalicular /one It is thought 
that these structures, as m the pancreatic 
acinar cell, are related to the* secret orv func 
tions of the hepatic cells (Sehaffner, l%5) 

The Composifioii of Bile 

Table 2 9 gives the composition of human 
liver bile (as parts in HKKl) I aver bile has a pH 
which vanes between 8 0 and 8 (> 'Fhe reaction 
of human gall Idadder bile is neutral or very 
slightly alkaline, that of the dog (or cat) isdefi 
mtelv acid with a pH between 5 0 and 60 
The chief biliary components are the bile sah 
bile pigments, cholesterol, and lecithin These 
organic materials make Ufi over of the total 
biliaiy solids As a result of the absorption ot 
water and inorganic salts, gai! bladder bile is 
several times more concentrated m organic 
solids than liver bile The biliary constituents 
may vary independently of one another 

BILE ELECTROLYTES 

The electrolyte comptwition ot bile is related 
to fltaLXSte, m a manner similar to that ob 
served m the pancreas. In turn, flow rate is re- 
lated to the availability of bile salts. The prm 
cipal cations m bile are s odtpm andjo nlMiPi; 
the principal anions are biwb^Mta-^daiio 
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r^de It has been estimated that 85 to 90*^ r of 
the bile salts excreted m the bile a^e reabsorbed ^ 
and return to the liver for re-excretion 

If bile salts are prevented from entering the 
intestinal tract due to removal through a biliary 5 
fistula, biliary flow gradually decreases To 
overcome this problem, Wheeler and Ramos 
(1960) infused sodium taurocholate intrave- 
nously at a constant rate into dogs which had 
been prepared with biliary fistulas They were 
then able to obtain multiple bile samples for 
measurement of electrolyte concentration 
without interfering with flow rate They found 
that the ;^urocholate coiicentration of the bile 
was equal to the difference between the cations 
(Na^andl CQ and the anions (Cl" and HCO g") 
TKis^tafionship was maintained over a wide 
range of taurocholate concentrations (40 to 280 
mEq /liter) 

A characteristic alteration m the bile electro- 
lyte composition was observed with increasing 
flow rate As the flow rate increased, the tauro- 
c holate conce ntr ation decref^seX 
that the blTe^saliT^s Screted at a constant 
rate With increase in bile flow, there was a 
strikirig^ncrea se" in brcar bbhate ^ncentration 
and pH, similar to that observed in the pan- 
creas C hloride concentration also increased 
with increased^tlow rates ~ The^diangHS''’ oh- 
served in chloride and bicarbonate concentra- 
tion and pH at different flow rates are illus- 
trated in Figure 2 33 

Th e osrnQ jjml^L ^i the bil e samples s howed 
httlfilv^ri ation, despite markedTdiBPirknces^ in 
electrolyte composition, bile flow, or time o f 
cjljgjg tio ns T nTall samples, the osmoSrity of the 
bile was essentially that of plasma The expla- 
nation of the apparent discrepancy between 
varying concentrations of inorganic ions and a 
relative constant osmolarity is due to the bile 

Table 2 9 

Constituents of human hepatic bile 

Substance Parts/1000 


Water 

976 22 

Solids 

23 78 

Mucin and pigments 

5 00 

Bile salts 

9 00 

Fatty acids from soaps 

123 

Cholesterol 

0 63 

Lecithin ) 

0 60 

Fat ] 


Inorganic salts 

7 32 



30 -J 


Taurocholate 14 5 /iM/min I V 
# Spontaneous flow 
A Intraduodenal HCl 
W Intravenous secretin 
V Intravenous acetazolamide 




Fig 2 33 Relationship between bile flow and compo 
sition Sodium taurocholate was administered by a con 
stant intravenous infusion at a rate of 14 5 micromoles 
per minute Maximal flow pH and bicarbonate concentra- 
tion were observed after intravenous secretin or intraduo 
denal HCl After intravenous acetazolamide the chloride 
concentration was higher and the bicarbonate concentra- 
tion lower than at comparable spontaneous lows (Re 
drawn from Wheeler and Ramos 1 960 ) 

s alts forming large aggregations or micelles tha t 
h ave low osmo tic activity It is the sum of Na,^ 

cmnolahty Df both liver and gallbladder bile 
BILE SALTS 

The most important secretory products of the 
liver are the bile acids which appear in the bile 
as salts of sodium or potassium There are a 
variety of bile acids to be found m the bile of 
different species, all of which are formed by 
conjugation of an ammo acid with a bile acid 
The conjugated bile acid then combines with 
sodium or potassium to form a bile salt 
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Bile baits are divided into pr/marv and sei - 
ondan' tvpes Pnniarv bile salts are formed 1>\ 
the cells ol the livei and secreted into the bile 
Secondarv bile salts aie tonned in the intes 
tinal tract as a lesult of the action of bacteria 
on the pnmarN bile salts The secondarv bih‘ 
salts are absorbed bv the ^mt recirculated to 
the liver and then sc‘c reted in the bile 

Origin and Formation In man and other 
primates, primary bile lU ids are formed from 
cholesterol bv the <ution of liver eii/vnuN In 
most mammalian species, thc‘ main pnrnaiv 
bile acids are cholic acid and c henodeowcholic 
acid These {uimarv bile acids are conjugated 
\uth the ammo ac ids taurine or glvcine 

In the lovvei part of the small intestine the 
pnmarv bile acids dvo subjected to the* action of 
various intestinal microorganisms which rc'sult 
in the eonjugiited bile acids being hvdrolv/ed to 
free bile acids Additionallv the 7 a-hvdroxvl 
grcnip is removed from tholu acid and eheno- 
deowcholu iicid vudcimg deowcholu iicid <ind 
lithocholu acid, rcspeetivelv 

A number of oiganisms have been identifie^ 
I in the small ^ntestine including vntvroioKUi^^ 
\ ku tdbavillus, buc/e/oic/cs, and t lostridiuni. 

vvhii’h are capable of converting the pnmarv 
I bile acids to secondarv bile acids Figure 2dt 
I illustrates the major bile sails iound m man 
/ Manv of the bile acid metabolites resulting 
I from the action of bacteria arc* not absorb<‘d 
\^and some, as hthochohe acid, are absorbed very 


^F)st ()t th e lithocholu. acid formed m 
the mtc*stme becomes UghtTriWndl^ 
final microorganisms and with other bile acid 
metabolites is e\cic‘ted in the feces The^ain 
bile acids found in {)ort<il blood are cholic acid 
chenodc‘o\\ cholic acad dc‘oxv cholic acid, and a 
verv snuill amount of lithocholu acid 

Conjugation of Bile Acids The conjuga 
tion of bile acids with taunne and glvcine is 
catalv/ed rmunlv bv the miciosomal faction and 
lecjuires ATP (’oA and Mg 
The ratio of glviine to taurine conjugates in 
human bile vanes vvuhdv ciiu‘ to the fact that 
the ratio is mflu(‘nced bv diet hormones, dis 
e«ise, a>rd the* tvjx's of muroorg<imsrns m the 
snudKind large bowel 

Xyvontrol of Bile Aeid Formation. The 
exact mediamsms that control bile acid forma 
turn h<iv(‘ not been compk‘telv defined Most of 
our iuform.it ion lias been obtained by studying 
the hep.itu m(‘t<iboiism of cholesterol which is 
the piec’ursoi of bile amds Additional informa 
turn hiivs bec*n obtained from studies of the rate 
of bile acid svnthesis m animals with hiharvfib 
tuias If iule IS continuously drained from a bile 
fistui.u TKe^^itiuNis of bik* ^itads uicreaiaea 10 
to 15-fold Infusions of l)ile adds into thebmall 
^Bb’wl in suclpa preparation rf*tiuce the rate of 
biTe a cid svnthesis 

' xihoiiisterul h\ nthesis I^r^edes 

the increase in bile acid svntiiesis Mvant and 
KcTJ^mKuT Tiavc* found (hat labeled acetate is 


r 


DI-( 

OH 


HO 


Deoxycholic 
(pka'=5) 




HO 



COOH 
J. Chenodeoxycholic 
(pka'=5) 


R-C-N-(CH2)a S020‘ 




NH3+(CH2)2S020~ 
+ Taurine 


/" 

Taurodeoxycholate 
j Taurochenodeoxycholate 
Taurocholate 
(pka'Sl 5) 



NH3+CH2C00- 




tGlycme x 

■^0 ; 

li 

R-C-N-CH2C00“ 

I 

H 


I Glycodeoxycholate 

( Gfycochenodeoxycholate 

Glycocholote 
,, {pkQ‘^7) 


Fig 2 34 Predominant bile salts of human bile The two primary bile auds cholic and chenodeoxycholic- and the 
secondary bile acid— deoxycholic -are conjugated with glycine or taunne in a peptide bond resistant to all digestive 
enzymes (From Hofmann, 1968a} 
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incorporated into cholesterol at an increased 
rate in bile fistula rats Beher and associates 
(1962) have suggested that the synthesis o f bile 
acids is regulated by a “double feedback” 
mecHamsm^ile acids inhibit the oJn version of 
ch ofes teroTtO bile salt s. ]fiads-t.n an in rrpflsp 

in liver chole stero l, an d this, in turn, leads to a I 
"d'ec reaseT cholesterol synthesis, Bergstrom J 
(1959) has suggested that the site of control of 
bile acid biosynthesis is the first step m the 
conversion of cholesterol to bile acids, the 7 a- 
hydroxylation Recent observations by Dan- 
lelsson and his associates (1967) support 
Bergstrom’s view for they have found that the^, 
rate of 7 /v- hydroxvlation ofmholesterol is sev - ) 
era! times lastS^ m homogenates from bile fis-j 
tula i ^s^aril SLE omogenates from control ratsA 
wherea s other reactions occur at about the sam e / 
rate in both control and bile fistula rats ! 

Danielsson (1963) has made an extensive re- 
view of the pronounced effect of diet on forma- 
tion and metabolism of bile acids, including the 
effects of carbohydrates, steroids, bile acids, 
vitamins and minerals When the regular diet 
of man is changed to a synthetic diet, the half- 
life of bile acids is increased and bile acid pro- 
duction IS decreased If indigestible material is 
added to the diet, bile acid production is in- 
creased and the half-life of bile acids is de- 
creased 

The state of thyroid activity also influences a 
rate of synthesis of cholesterol as well as bile 
acids Hyperthyroid states increase the rate of 
synthesis of cholesterol as well as that of bile 
acid production Hypothyroid states are asso- 
ciated with decreased cholesterol synthesis, a 
prolonged half-life of bile acids and decreased 
bile acid formation 

Bile Salts Micelles The formation of bile 
salts from cholesterol, which is water insoluble, 


yields a C-24 carboxylic acid which has a 
steroid nucleus containing hydroxyl groups 
The bile acids are polar molecules with high 
aqueous solubility 

Bile salts are similar to ionic detergents and 
i^re amphipathic r g^ecuj^ s w hich have both 
hydrophilic and hy^ophobic regions It is these 
^ater s bluble~ and fat soluble regions of the 
molecule which account for the characteris tic 
pEys i^l properties of bile salts At very low 
concentrations, bile salts form molecular solu- 
tions When the concen tration reaches a critic al 
level, however theramphipathic molec ules form ' 
rhblecular __aggregatip_ns„ called mic elles , 
concentration a t which molecular ag gregation I 
Occurs is~called the critical micellar concentra- 

The micelles formed by bile salts are com- 
pletely different from those formed by ionic 
detergents The bile salt molecule has a rigid 
disc-shaped bodv -that-us-fixe#^ 
chain On one side of the molecule are all of the 
polar hydroxyl groups, and the charged group is 
at the end of the short side chain Bile salts are 
more effective in forming micellerm tlm_pr^ 
~en“ce“or^oWTlpId’'su5st^^ acids and 

m onoglyuende molecules The prisenf c^oncept 
rnfrne tule saltTnicene is^llustrated in Figure 
2 35 

The Enterohepatic Circulation of Bile 
Salts In the jejunum, the primary function of 
the bile salts are to solubilize dietary triglycer- 
ides by forming a micellar solution of bile salts, 
fatty acids, and monoglycerides The fatty acid 
and monoglyceride are rapidly absorbed from 
the micelle and the bile salts continue down the 
small bowel where they are absorbed primarily 
from the terminal ileum 

By use of labeled cholic acid, Lmdstedt 
(1957) studied normal subjects and found that 



acid anions molecules 


Fig 2 35 The probable molecular arrangement of a typical soap or anionic detergent micelle {/eft) is contrasted to 
two proposed models for the bile salt-polar lipid micelle {center and right) A cross section of each micelle is shown the 
aggregate on the /eft and in the center is spherical that on the right disc-shaped (From Hofmann 1968a ) 
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the radioactn e bile acid was diluted in a lar^^e 
bile acid "pool The si/e ol this bile <Hid pool 
variedTrom about TTlKK) to 1000 The huli^ 
life ot the pool was takuiated to be about 1 
c1a\s The dail\ s\n1hesis ot bile acids was 
about 050 m^r Thus the^ bile acid jxuil la 

10 times the amount s\nthesi/ed daiK 
Tn the lower part ol the ileum, the pnmar\ 
bile salts, as well as se(ondar\ bile salts re 
sultiri^^ Irom microbial <ut ion, are absorbed and 
returned to the Iner Ma the porta! blood lTe\ 
are then resecreted into the hde and dc‘ii\ercxi 
back to the small how'ei d’his sec ret am, absorp- 
tion, and resec retion is known as the rntrrohc- 
patiL (inulation ol bile salts It is estimated 
that each bile salt molecule partunpates m 15 to 
20 enterohepat le cedes befoie excretion Future 
2 50 illustrates the enterohepat ic circulation of 
bile salts 

Ihe bile salt pool renuuns relatixeh const«int 
as synth esis is balanced <i^ainst excreLioruJSvn 
thesis IS unHeFtEcTinnuence ot the amount ot 



-pool 


. ^ bile ac(d absorbed/cyc 

*'abs’“ — 

bile acid pool 

Ftg 2 36 Schematic representation of the enterofi 
patic circulation of bile salts It is customary, m t 
manner of Lindstedt (1957) to estimate the size of t 
bile salt pool by extrapolating the specific activity dec 
curve for biliary bile acids to zero time The bite salt pc 
thus represents the sum of the fraction of the bile s 
pool absorbed during the previous cycle {K pool) plus tf 
bile acid synthesized by the liver during that particu 
entercihepatic cycle If the pool remains constant m si; 
da, y loss IS equal to (i ^ K) PC. where C ,s the number 
enterohepatic cycles per day {Hofmann, 1966) Most 
the bile salt reabsorption is considered to occur m t 

NHairT transport mechanism 

bile salts (From Hofrhanin, 1968 a ) 


bile salts absorbed in the terminal ileum, ap 
pr()\im«it(‘l\ do tiTOOb of all bile salts secreted 
in the bile are reabsorlied bv the small bowel 
In nuui 20 tu M) ^ of hde aeids afe^^ejed by 
the h\t‘i dailv in the bile hov\evei, only 0 5 to 
0 7 k bile acids appear in the feces each day 

Excretion of Bile Salts The mam 
patluvac for excretion of bile salts is watt the 
tec eV““! Than TA o^hile acids excreted ap 
pear in (he mine Fnder^normal conditions 
FhTFTuiTls'lbund in feces are a complex mixture 
of compounds most of which have been formed 
b\ muTobial action on the* prmiarx bile salts 
rendering thtun essentialh unabsorbable The 
complexitv of the mixture of fecal bile salts 
makes their ciuantitative determination diffi 
c’ult and of Iittk* chmeal importance 

THE BILE PIGMENTS 

Bilirubin (Ch is the chief pigment 
in hunuin bile and in the bile of the carnivora 
Bilixeidin K’ hH j(,N’ 4 ()f^) is *m oxidative denva 
tixe of hihruhm, and althongh it is present m 
only small amounts of human bile, it is the 
c^hief pigment of birds’ bile Besides hihverdin, 
other denvatnes of bilirubin are iound m the 
hoclv rrobilina^cn is a reduction product of 
bihruhin, upon oxidation it Yields urobilin Bil 
ivvanin and bilifuhdn are formed bv the oxida 
bon of hihverdin The* latter two pigments are 
iu)t found in bile but mav he present in gall 
stones The pigments constitute from 15 to 205 
of the total solids in liver bile 

Origin of the Bile Pigments. Bile pig 
inents dte derived from the free hemoglobin 
resulting from the destruction of red cells mthe 
body, and in smaller amounts, from other 
chromoproteins. Approximately Bob of bill 
rubm is derived from senescent red cells, The 
red cells have a life span of about 100 to 120 
days Thcjse that perish are disposed of by the 
reticuloendothelial cells distributed throughout 
the body From these cells an average of about 
B g of hemoglobin is released per day, this 
yields about 1CX) mg of bile pigments In order 
to produce bile pigment from hemoglobin, the 
hemm portion must be separated from the pro 
tern (globin) portion of the hemoglobin mole 
cule Oxidation scission of the iron-porphyrm 
follows This involves opening the tetrapyrrole 
ring at the alpha position and the *%helling 
out’' of iron The resulting iron-free pigment is 
probably bihverdin, which is later reduced to 
bilirubin All these reactions are presumed to 
take place m the reticuloendothelial cells, but 



Chapter 7 


Biiiary Secretion 2-65 


the order m which they occur is not known In 
particular, it is not known if the splitting of the 
hemm moiety on the protein portion of the mole- 
cule must take place before the porphyrin ring is 
open 

Bilirubin derived from hemoglobin is uncon- 
jugated and known as ‘‘free bilirubin It is 
highly lipid soluble and has limited aqueous 
solubility Free bilirubin is bound by albumin 
which greatly increases its solubility in plasma 
Each mole of human albumin is capable of 
binding at least 2 moles of bilirubin Other 
plasma proteins, such as al- and a2-, and p- 
globulins, bind bilirubin to a limited extent 
when plasma bilirubin concentrations exceed 20 
to 30 mg /lOO ml 

The binding of free bilirubin by albumin is of 
considerable clinical importance Bilirubin en- 
cephalopathy or kermcterus which occurs m 
infants shortly after birth is due to high con- 
centrations of free bilirubin m the plasma The 
highly lipid soluble unconjugated bilirubin en- 
ters the neurons of the basal ganglions, hippo- 
campus, cerebellum and medulla causing ne- 
crosis of these nerve cells Adequate available 
binding sites on albumin prevent this from 
occurring Anionic drugs as sulfonamides are 
also bound by albumin and compete with bili- 
rubin for the available binding sites Thus, the 
administration of sulfonamides to an infant 
with unconjugated hyperbilirubinemia displaces 
bilirubin from albumin increasing the risk of 
kermcterus Free fatty acids produce a similar 
effect and asphyxia, hypoxia, and other condi- 
tions leading to acidosis also increase the risk 
of kermcterus 

The chemical relationship between biliru- 
binglobin and the various bile pigment deriva- 
tives IS shown schematically in Diagram 1 

Bile pigments may be formed, not only in the 


liver, but also in the spleen and bone marrow 
and at various other places m the body This 
was not generally recognized until the experi- 
ments of Whipple and Hooper (1913) and the 
more conclusive experiments of Mann and his 
associates (1924) The former attempted to iso- 
late the liver from the general circulation, 
whereas the latter removed the liver com- 
pletely In either case, bile pigments continued 
to be formed, and, since they could not be ex- 
creted through the liver, they accumulated m 
the blood and produced a condition analogous 
to jaundice Mann and his associates also 
showed that the blood of the splenic vein of a 
normal animal has a higher bilirubin concen- 
tration than does the blood in the corre- 
sponding artery 

By use of ^®N-labeled glycine, in vivo, the 
non-hemoglobin origin of bilirubin has been 
better defined When ^®N-labeled glycine is 
administered, the label appears incorporated in 
stercobilin within a few days This rapid ap- 
pearance of the isotope in the intestinal oxida- 
tion product of bilirubin has been termed 
“early labeled bilirubin ’’ When isotopically 
labeled 6-aminolevuleinic acid is administered, 
the radioactive label is more readily incorpo- 
rated into early labeled bile pigment than into 
hemoglobin heme. The principle sites of forma- 
tion of “early labeled bilirubin” are the liver 
and bone marrow Most nonhemoglobin heme 
proteins, such as myoglobin, catalase and cyto- 
chromes, are degraded in the liver and these 
proteins contribute to the early labeled bile 
pigment 

Possible sources of bone marrow origin in- 
clude the intracorpuscular degradation of he- 
moglobin during erythrocyte maturation and 
destruction of newly formed erythrocytes in the 
bone marrow before they reach the circulation 
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In patients v\ith pernuinus anemia sickle cell 
anemia and conj^enital parpinna the earl\ la 
beled pigment is responsible foi a majoi por- 
tion oi the bile pigment excreted Karlv labeled 
pigment is also tound in p«itients with disoiders 
ot tiNtnropoieses as thalassemia and attei hem- 
on hage 

Hepatic Uptake of Bihrubm llieuiuon- 
lugated bilirubin tormed in the letuiiloen- 
ciotheliai cells is transported to the liver tightlv 
hound to albumin Tlu' eXiUt mechanism ot 
uptake ot the uncon]ug<ded bihiubin l)\ th(‘ 
hepatic ceil is unknown However it is known 
that unconiugated bilirubin in the plasma en- 
ters the liver preteientiallv with respects to 
other tissues 

It has been suggested hv (lartner and Anas 
(Idbb) that two possibilities exist tor the nipid 
uptake ot uneonjugiiled bilirubin One is that 
the relative spcxdicitv of the* hepatic cell to 
remove unconjugated bilirubin troin (he plasma 
could reside in the* plasma membrane taring 
the sinusoid Lateral extensions ot the mem- 
brane in this <irea niav have specrtic molecular 
configurations that permit the entrance ot the 
unconiugated bilirubin into the cell d'his 
suggestion is based upon the heterogeneitv ot 
en7vmatu' activity in ddierent portions of the 
hepatic ctdl plasma membrane and the binding 
of suliobromophthalem (BSP) and other or- 
ganic anions by liver plasma membranes K(|Iki1 
molar amounts ol organic <inions as taurocho- 
late, unconiugated bihrubm, and fluorescein, 
which do not compete with BSP uptake when 
simultaneously iniecded in vivo, show little or 
no interference with BSP binding hv plasma 
membranes in vitro Other organic amons, 
however, as mdoevanme green, which compete 
with BSP for hepatic uptake m vivo, consider- 
ably reduces BSP binding by isolated plasma 
membranes m vitro These findings suggested 
to Gartner and Anas that the plasma mem- 
brane of the liver cell is not molecularly homog- 
enous and that different specific receptor sites 
for various organic anions may be located m 
the lateral extensions of the plasma membranes 
facing the sinusoid 

Another possibility is that the unconiugated 
bihrubm may be dissociated from albumin at 
the plasma membrane and be transferred to an 
intracellular protein which acts as an acceptor 
and facilitates the transfer of bihrubm into the 
liver cell Recently, two basic albumin proteins 
designated as Y and Z have been isolated from 


the cvtoplasm of hepatoevtes and they account 
for most of the intracellular binding of bihrubm 
and BSP Apparentlv, \ has a greater affinity 
for bilirubin and BSP than Z Binding on Z 
d(K‘s not occur until concentration of bihrubm 
and BSl' on \ reaches a critical level 

Conjugation of Biiirubm Within the liver 
cell biluuhin is conjugated with glycuronic 
acid forming bilirubin glvcuromde (Schmid, 
Dob, Billing c‘t al 1%?) The conjugation of 
bilirubin is accomplished hv a microsomal en 
/vine glucuronvl tiansf erase which utilizes 
undine diphosphoglucuronic acid as a donor 
The hpid soluble unconjugated bihrubm is thus 
converted to a c'onjugated water soluble form 
Since bihrubm is capalile ot combining with 
two molecules of glucuronic acid, either the 
mono- or dighicuronide mav be formed Glucu 
ronvl transferase is also found m skm, ovary, 
aciremil glands, kidru'vs, testes, and synovial 
membnine Conjugation mav take place to 
some extemt m these areas, but the greatest ac 
tivit\ of this en/wme occurs m the liver where it 
IS associated with the endoplasmic reticulum 
membrane jiortion of the parenchymal liver 
cell It has hc‘en suggested that the extrahepatic 
glucuronyl transfenise results ui ‘"pigment I” or 
bihrubm monoglucuronide and then converted 
to the diglucaironide, “pigment 11,” in the liver 
Bilirubin excreted in the bile is essentially bill 
rubm dighicuronide The existence of the mon 
oglucuronide m bile is doubtful 

A number of clinical conditions are now rec 
ogni/ed as being due to abnormalities of glucu 
ronyl transferase activity. Several drugs, dyes 
and steroids may inhibit glucuronvl transferase 
activity A small percentage of nursing mothers 
excrete m their breast milk an unusual isomer 
of pregnanediol, which markedly inhibits the 
glucuronyl transferase activity of their infant 
This leads to prolonged benign unconjugated 
hvperbihrubmemia until about the 12th week 
of life unless breast feeding is terminated 
These mothers apparently have an inheritable 
defect in steroid metabolism that affects the 
course of hyperbihrubmemia m their neonates 
Chronic, nonhemolytic, unconjugated hyper- 
bihrubmemia in man and animal has long been 
recognized and it is now known that glucuronyl 
transferase deficiency or absence can account 
for these conditions The Gunn rat, a mutant 
Wistar rat, has a congenital absence of glucu- 
ronyl transferase These animals have a life- 
long, chronic, nonhemolytic, unconjugated 
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hyperbilirubinemia They are capable, however, 
of excreting administered conjugated bilirubin 
Kernicterus frequently develops m these ani- 
mals 

Cngler and Najjar (1952) first described a 
similar type of nonhemolytic acholuric jaundice 
developing in infants shortly after birth These 
infants’ jaundice was found to be due to high 
levels of unconjugated bilirubin m the serum 
An absence or marked deficiency of glucuronyl 
transferase m the liver tissue of these infants 
has been demonstrated Although rare, a con- 
genital absence of the conjugating enzyme, glu- 
curonyl transferase, may be a cause of jaundice 
in man, as previously shown to be the case in 
the Gunn rat 

In the so-called physiological jaundice that 
develops in most full-term infants between the 
2nd and 7th days of life, there is no evidence of 
hemolysis and the jaundice is of the acholuric 
type In newborn humans, a deficiency of glu- 
curonyl transferase activity has been demon- 
strated The activity of the adult liver is not 
reached until about the 10th day of life These 
observations suggest that physiological jaundice 
of the newborn is related to a delay in the de- 
velopment of the glucuronide-conjugatmg 
system In premature infants, the deficiency in 
glucuronyl transferase activity may lead to se- 
vere jaundice and kernicterus 

Phenobarbital is one of a number of drugs 
that can increase glucuronyl transferase ac- 
tivity This discovery has led to the treatment 
with phenobarbital of some patients with the 
Cngler- Najjar syndrome who have mild uncon- 
ju gated hyperbilirubinemia In these patients, 
who have only a deficiency of glucuronyl trans- 
ferase, there is a dramatic amelioration of jaun- 
dice on administration of phenobarbital Phe- 
nobarbital has also been administered to women 
before delivery and it has been shown that this 
will reduce serum bilirubin concentrations in 
their infants by approximately 50% 

Hepatic Excretion of Bilirubin. Bilirubin 
must be conjugated with glucuronic acid prior 
to excretion The mammalian liver has a large 
reserve in regard to excretory capacity for han- 
dling bilirubin However, the process is rate 
limiting In adult rats, it has been determined 
that the maximum excretory rate is approxi- 
mately 60 ^g of bilirubin excreted per 100 
g /mm The high ratio of bile bilirubin to plasma 
suggests that the process is energy dependent 
and the excretion of bilirubin is an example of 


active transport The exact mechanism, how- 
ever, IS not known The microvilli, extending 
into the biliary canaliculi, and the presence of 
several phosphatases associated with the plasma 
membrane, also suggest that the process is an 
active one 

When severe hemolysis occurs in patients with 
normal liver function, the degree of unconju- 
gated hyperbilirubinemia is slight In the pres- 
ence of liver disease, however, jaundice may be 
marked Conjugated hyperbilirubinemia occurs 
only in the presence of liver disease The 
capacity of the human liver to handle conju- 
gated bilirubin is not known In the rat, ad- 
ministered conjugated bilirubin is cleared about 
as rapidly as administered unconjugated bili- 
rubin 

The Dubin- Johnson syndrome (1954), which 
occurs m man, is an example of a defect in the 
excretion of conjugated bilirubin A similar con- 
dition has been found m sheep The liver has a 
characteristic black color which is due to reten- 
tion of a pigment, originally thought to be lipo- 
fuscm, in lysosomes of the hepatic cells Recent 
studies suggest that the pigment is a melanin and 
possibly results from impaired biliary excretion 
of epinephrine metabolites 

In the mutant sheep, with an excretory defect 
comparable to the Dubin- Johnson syndrome m 
man, it has been found that the excretion of ad- 
ministered taurocholate is apparently normal 
This suggests that bile acids and bile pigments 
are excreted by the liver cell via different path- 
ways 

In 1948, Rotor and his colleagues described 
cases in which there was chronic conjugated hy- 
perbilirubinemia but no abnormal pigment was 
present in the livers of these patients This condi- 
tion, thought to be transmitted by an autosomal 
dominant gene, is also considered as a clinical 
example of an excretory defect in the excretion of 
bilirubin, BSP, and other organic anions In both 
the Dubin- Johnson syndrome and the Rotor syn- 
drome, the excretion of BSP is essentially zero 
However, hepatic storage of BSP is apparently 
normal Conjugation of bilirubin with glucu- 
ronide apparently proceeds in a normal fashion, 
but excretion does not occur for some unknown 
reason 

Within the past few years, it has been discov- 
ered that various drugs, such as anabolic ste- 
roids, estrogens, and oral contraceptive agents, 
reduce the capacity of the liver to excrete or- 
ganic anions such as BSP During pregnancy. 



2-68 


1 


1 O M 


Section 2 


some women rnaniiest (hemical and moipho 
logical signs oi cholestasis during the last 
trimester Additionally, ^^hen the\ take oral 
contraceptive agents, they may also have mild 
jaundice It is thought that these patients must 
have some detect in the excretory mechanism 
tor handling bilirubin and BSP With tht‘ tin- 
(her depression ot this mechanism h\ the estro 
gens ot pregnancv or oral contracept ivc‘s, the\ 
develop cholestasis 

Enteroliepatic Circulation of Biie Pig- 
ments The bilirubin that enters the intestine 
undergoes reduction h\ bacteria to torm nrob e , 
Imogen (also cxilled stvrcobihna^vn) \ pait ot 
this IS excreted m the stools and hv exposure 
to air, IS oxidized to urobdm Some ot the 
urobiliiKigen is reabsoriied into the portal circu- 
lation and passes to the h\er wjiere it is recon- 
vcTted in part to bihruhin^in the bile (Figure 
2'TT71'“TtTs then almost entirely re-excreted both 
as hihrubjn and as u robilinogen An y urobilm - 
ogen wTich escapes into thc^generaL circ ula- 
tTo”ir"aiid IS excreted hv the kidney 
THTdiZedTfcPirf?^ the urine has. been 

vdlde^" Nwmallv ^oweve^ iio urobihm oi 
rnere traces (0 5 to 2 (p mg ), appears jnJhe 
urine ()nlv trac es are present^ m ncirmal blood 
Bilirubin itselt does not normally appear m the 
urine The urobilinogen normally^ present in 
bile merMv'repreaents re“exjcxelion-aLtliis pig« 



Fig 2 37 Diagram illustrating the formation of 
urobilinogen from bilrrubm in the intestine, its excretion in 
part in the feces and its absorption in part into the portal 
blood, Normally, the absorbed pigment except m negli- 
gible amounts is practically all re-excreted m the bite The 
dotted lines indicate its passage into the blood, and its 
expretion by the kidney in cases of liver damage, exces- 
sive blood destruction, or in the early stages of obstructive 
jaundice 


meid^atter its absorption from the intestine 
When the entiie output oi Eile is collected 
through a hiliar\ fistula, theie is complete dis 
appcMrame ot uiohihnogen from the bile after 
the pigment alreadv piescnt in the intestine 
has been canu'd a\\a\ in the iec^s~”’'^en a 
part ot the bile is allowed'! o enter the mtestme, 
OI bile 1s ted hv nioutli the derived pigment 
imanahlv appears in the iistuLi bile 

Complete t‘\pei inumtal^ yd^strudion of the 
common bile duct, since it prevented the re 
e\c ret ion ot tlie urohUmogen absorbedL from the 
intestine, also resuItjHl jii its accumujation in 
the hlcKid and its excretion in the urine Tw. 

attoLthe duct has bee n ob str uct ed arid are due 
to the alisoipiion of pigmeiit j-einajiung ait the 
intestine from the jieriod pjior to obstruction 
After th(‘ pigment has been cleared fjrom the 
mfcMThe, the unne, although it may contain 
large amounts ot hihruhin, is cpnte free from 
tRe'lienved pigment Depressi on oi the e xcre 
torv” function of the liver hv hepatic jimsons or 
disease causes umbihnogtm to appef|.rjn the 
unne When hilnubin formation is increased by 
hcmiolviie^agcud*^^ urobilinogcii piMuction is 
also mcreascxl, the liver, even though its func 
tidtnChormal, is unable to re-ewete the ex 
"■cess pigment absorbed From the intestine, and 



"TThe '"availfd) unconjugated and conju 
gated hihruhin has made it possible to 
study the enterohepatic circulation of bile pig 
meats in a more precise manner Lester and 
Schmid (1962a) administered both conjugated 
and unconiugated hihrubm to rats which 
had been prepared with an external biliary fis- 
tula 'Fhese investigators found that both of the 
labeled pigments were absorbed and appeared 
promptly m the bile The urinary excretion of 
the isotope was less than 5‘ <■ of the dose Be- 
cause essentially all of the labeled pigment re- 
excreted m the bile was conjugated, it could 
not be decided whether the unconjugated and 
conjugated bilirubm had been absorbed intact 
or had undergone chemical modification during 
the absorptive prcKress The experiments were 
repeated in a strain of Wistar-Gunn rats that 
have a congenital deficiency of hepatic glucu- 
ronyl transferase Although they are unable to 
conjugate bilimbin» they are able to excrete 
conjugated bilirubm llius, if conjugated bili- 
rubin was unaltered in the absorptive process, 
it should be excreted in the bile of the Gunn 
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rats It was found, after intraduodenal adminis- 
tration of either unconjugated or conjugated 
bilirubin that no radioactive pigment ap- 
peared in the bile, indicating that co njugated 
bilirubin had been altere d in th e absorptive 
process J ^ 

"TTiTaBsorption of urobilinogen has also 
been studied (Lester and Schmid, 1964) * In_, 
rats, it l^ jiegnj found that sig nificant gu^ti- 
ties of intact u robilinogen is absorbed from the 
intes tine and re-exa:£ t£jd-pred €m i naHt I v i - n -the 
bile 

"“Iff man, Lester and Schmid (1963b) have 
dem onstra t ed—that unconjugated bilirubin 
readily ab sorbe d from the intestine but little 
cor^upIednbdmiBT^^ (Figur^ 2 ‘SEf 

Evid^"tr6'‘lndrcates th2IIconjijJatgd bilirubi n 
remains mtact_ d uring its transit throug h the 
biliary tree and small bowel Conj ^ation pre -J 
ve htr“ reaBiaMlLQ?r pptK^ pigment, thiis ^theV 
enterohepatic..-inxcu lation ofJ a^IioabH^-^^ } 
imal ^ 

When bacteria in the terminal ileum and 
colon reduce bilirubin to urobilinogen, it is not 
known if the g lucuronide ester remains intact 
during t hese redu cti ve steps Conjugate^Lforms- 
of urobilinogen have not been isolated, but if 
they do ioc<saC £esreTr i964rindicatesTEa^ 
imal absorption ^ of intact urobilinogen- gluou- 
ronide w ould be^ nticipate(f|^ 

OTHER CONSTITUENTS OF BILE 

Lecithin and Cholesterol. Lecithin is 
present in human liver bile to the extent of 
from 0 02 to 0 05 f I The cholesterol content is 
normally from 0 04 to 0 16^c T he chole sterol is 
present in t he free state, i e , not in the fbrm of ' 
en ters T he perc ehtages^f these^ateria TrTn 
the bile of the gllllbladder are, as ^esuEHdhe 
absor ption of water and sal taJhimgh the g all- 
i naddirm u cosa, much higher than the_perceat- 
ages in liver bile Th e ratio of the conc entration 
of c holesterol in bile to that of the bile "salts Is 
fr ^ 1 20 to 1 30 The ability of the bile, to 
hold choleste rol in solution is, in large degree , 
dependenrupon the bile salts If the ratio fal ls 
to 1 13, precipitation of chnlp stprol nrcupfr- If 
iS’iIe^ IS d ialyzed against wate r, ,__bLiIa--saIt 6 --are 
removed and the bile becomes turbid, as a re - 
sult of cholesterol precipit^^tmn 

Lecithin and cholesterol are kept in solution 
by the bile salt micelles In the intestinal tract, 
the VjjIp is mixed 

le?terol andus absorbed principally in the upper 
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^ Fig 2 38 Pigment absorption after administration of 
\unconjugated ^‘‘C labeled bilirubin and conjugated ‘'*C 
labeled bilirubin to two human subjects (From Lester and 
Schmid (1963b) ) 

s mall bowe l Of the total amount of cholesterol 
delivered to IRe~smalI Eo^l LT!£mi I hT^BiIe"^ 
t he diet, only about 50^ r is absorb e d M ost of 
the u nabsorbed ch olesterol is, converted to co- 
pro stanol, a neutral sterol, by miciDor.ganisms 
in the large intestine In germ-free animals, or 
animals treated with antibiotics, dietary and 
biliary cholesterol appears in feces in its free 
form 

Bile Proteins. Immunologic techniques have 
demonstrated the presence of normal plasma 
proteins in human bile Rawson (1962) has 
identified alb umin a nd 7 -glQbuIin in human 
obtained at autopsy , and from the fistula** 
d rainage of patients who hadllfld^r gonilSniary 
surgery^ Russell and Burnett (1963) have used 
the Ouchterlony gel diffusion technique, Immu- 
noelectrophoresis, and gel electrophoresis for 
the identification of plasma proteins in human 
bile Samples of bile were obtained from both _ 
the gallbladder and common hepatic duct in 
patients undergoing laparotomy for various rea- 
sons Bile samples were obtained from patients 
with gallstones as well as from patients who 
had a normal gallbladder and biliary system 
^No differences between normal bile and that 
obtained from patients witE^"gaIlstoner^e re 
found { ^ 

THe presence of plasma proteins in the bile of 
patients with inflammatory disease of the gall- 
bladder or biliary system on postmortem would 
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not be too surprising, as one v\ouid exiiect 
plasma proteins to escape through the mucuoiis 
membrane lining the biliary system and gall- 
bladder Tlie„pmeiaCiaje_j)l_4)Lisma proteins in 
normal bile is not as easil\ explained H<me\er, 
tlieTTv'er'TvnlR^iTes^ ol tiTbuuun 

aird^Th^^SresLei Ke ol albu min m normal bile 
during li te might be ant jici|)tUi:^ 
ha n 75 , 7 - gl ob u 1 1 n 

Riissetl irncTBurnett point out that the hepatic 
pericellular space {the space ot Dissel commu- 
nicates treeH NMth the liver sinusoids as well as 
the biliary canalic nil but that molec ules with a 
molecular weight greater than ir>,0()0 are un 
able to pass from blood to bile Thus, fuithj;^ 

1 n vestjga f 1 o n is. _.n ee d c>(j ^ t o det erm i ne the 
pathway by w;hich plasma proteins g<un entrv 
into t b e hf> Tl)sFnce ol dlwMsc* 

Control of Bile Secretion 

Bile is secreted (ontinuoiisl\ and is ao (^.\r re 
tion as well as a secretion On a normal feeding 
scHeHuie, more bile is secreted during the day - 
li ght hours Ihan during the night More bile is 
secreted afte r meals than in the tasting slate .*' 
anHm^ls are normally eaten 1 n t he c la vt 1 mi i^ If 
arTammal is fed at regular inteivals throughout 
the 24 hr , as much bile is secieted at night as 
in the daytime j^.^i^tmiiijating effect of foo d 
o n th e volume output ot hde j s due mainly to 
its protein content Kocour and Ivv (1937) 
SuHTed a variety of foods for their effect on the 
output of bile and found that only meat and 
liver were consistently effective 
Before discussing various agents influeming 
the flow ot bile, it is well to define some of the 
terms that will be used Ajhqlagague xs any 
agent which merges the flow of bile mt o the 
mtSfme^TTEe bile may come from the gallblad- 
der, so the word does not necessarily signify an 
increase m the secretion of hiie by the liver A 
choleretic is an agent w hich inc reases the 
o utput of bife 

c hanging thus a cholerectic 

will usually increase t he output of bile solids, as 

w dl as of the liquid portion of the bile A hv- 

drocholerectic causes an increase am JJae^valume 
o OliIe without a correspm idingiiiicrfiase m the 

a Dowerfulaih dr 

erectin action thp W a great 

part of the increase m the flow of bile after a 
Qf the discharge of bile from 
the gallbladder^ wScKTnS^se^ the amount of 


o ptput ot bile i 
The natural bile 


hile__salts in the intestine and consequently m 
the iiortal blaocL Certain oxidized bile acid^ 
notablv dehv^rochjdK ai‘t as hvdrocholer 1 
ectus and afe someti mes u sed m therapy t el 
jiroduce an abund<int flovc ot dilute bile jj 
^ec ret i n incnvises the secreti on of bile hv tK a") 
liver although it does ao^tontract die gallk 
bladder Studies bv Crovsman and his co^ 
woiTeIs‘Tl9 19) indicate that secret in acts as a 
hvdrocholeiectu in nuin The site of achon of 
secretin is thought to be the small bile ducts or 
du(tiiU‘s Its effect results in increasing the 
volume of hilejiy addij ij iii^uLwixl er and m ark 
edl\ increas ing the buaibonate concentration 
The onsd of Hjetf 1 ^ '^pniLu to that of jhe pan 
creas Some rece nt e vidence suggests that an 
elt‘( tlohje Jraction jna\_he s ecre t ecj which is 
dcqiendent on the active transport qf^Na ajid igj 
inhrFnted In InhiTiFt ion of A TP <is(> 

SerreTin causes only a ni od e i at eg increase in ) 

b ile flow, and Jioru^ at all if t h ej 1 v or is j^^dy 

^creting vigorously T he max 1 m al rat e JlLflowl 
that can be induced bv sec ret 1 n is^ ( inly aboutH 


o l ie- 1 cult h the ra t(*J hgt xan 1 h‘ at tamed bv the 
administration of bile acids an d this r atio] 
c annot he iniTeased bv 1 
s ecTot m The se fads sugg est ihut hcc^tm is not 
a maior Xhua^gnlation of bile secre* 
tipjou. 

In additioii to hunmral and horraomd factors 
affect the se cretion of bile, the autcmomic 
ne rvous system may ta ke part 111 the regulation 
l ^c flow T he preejse^ roles the autonomic 
nervous system play in bi le secretion have not 
bee n clearly defin ed ^ 

In 1938, Tantun and Ivy demonstrated that 
vagus nerve stimulation produced a marked 
increase m bile flow in dogs More recently, 
work from Brooks’ laboratory (Fritz and 
Brooks, 1963, Jones et al , 1965) has shown that 
both feeding and insulin hypoglycemia causes a 
choleresis m dogs However, this can be pre- 
vented by vagotomy or anticholinergic drug 
administration They ^Iso demonstrated that 
the gastric antrum was necessary for the vagal 
effect on bile flow This suggested that the true 
effect was probably caused b v gastrin Addi- 

tional evidence by Zaterka and Grossman 
(1966) also indicate that gastrin has a chol- 
erectic effect Thus, a direct vagal effect on bife 
flow has not yet been demonstrated 
The diagram shown m Figure 2 39, taken 
from Wheeler, (1966) illustrates some of the 
factors known to affect bile flow. 
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De nervating the liver , insofar as this is possi- 
ble, causes a n inc r ease m bile flow, distention 
of the colon or stimulatio n of any one o f a 
number of visceral afferent nerves causes mhi- 
bitTon of the flow oTbTl e from theTi^f~ Ifls not 
known whether the inhibitor effect is due to 
dirlct~lnl ^itiQn^ the liver celIs~b r to altera- 
tions in hep atic blood flow 

Mechanism of Bile Secretion 

In considering the mechanism of bile secre- 
tion, it IS convenient to divide the bile constitu- 
ents into two classes (Brauer, 1958) Class A, 
which includes water, the inorganic salts, and 
other highly diffusable constituents, and Class 
B, which includes the bile pigments, bile acids, 
and certain foreign substances such as Brom- 
sulphalein, which may be used in liver function 
tests and appear in the bile 

Pure mechanical filtration is ruled out, for 
bile may be secreted under a pressure which is 


higher than the pressure of the blood in contact 
with the liver ceUs As pointed out by Brauer, 
i n order for a filtration process such as is uti- 
lized in the kidney to be effective, it woulcL be 
necessary for the capillaryjg^essyreJLo exce&d 
th^maximum pressu re of bile in the b ile_diicts 
by an amount at lea st equal to the colloid os - 
motic p^essuje M the blopd^ , this^ondition is 
not attained in the liver j The flow of bile has 
been shown to be independent of IploodTlQ^ or 
o f blood pressure, so long as the oxygen supp ly 
is adequate. Ano ther bit of evidence is that 
cooling the liver greatly reduces the rate of flo w 
o f bile_ For example, in the rat liver, a 10° C 
reduction in the perfusion temperature between 
18° and 38° C reduces bile flow by a factor of 
4 I Such a change in temperature should ha ve | 
little or no effect on a pure mechanical process J 
_Jlther anesthesia also ri^duces tlm flow of bile | 
TEe situation is not so clear with respect to the 
inorganic salts, and it may be supposed that 
they are transformed along with the water The 



F)g 2 39 Diagrammatic summary of some of the factors known to affect bile flow and electrolyte composition 
Mechanisms shown on the right are believed to act at canalicular or duct level as shown Locus and mode of action of 
_Jactors shown on the left is speculative (From Wheeler 1968 ) 
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evidence suggests that there a tree in ter- 
change ot inorganic salts between the blood 
and" the bile as tHe T)ile“passes through the bile 
due ts rThus"”7)siw)tTt"™T^ ^esbiblished 

between the blood and the bile I ^ 

It IS interesting to note that, if the concentra- 
tion ot salts in blood plasma is increased so as 
to make the blood hypertonic \acuoles appear 
m the polygonal cells of the h\er This is taken 
as evidence that these c'ells are imohed in se- 
cretion of water into the bile (Fhese hepatic 
cells secrete the water, as is lurtRer^^cwidenc ed 
h)v the fact that in certain forms of toxic hepa- 
titis in which only the polygonal ceils are dam- 


poited down the bile ducts vSimilar observa 
turns are possible by different methods using 
ladioactive isotopes Thus it appears that all 
the constituents ot the bile, both organic and 
inorganic are normally secreted bv the liver 
cells and by a process which invokes the ex 
pend It lire of energy 

Th© GGiubla^Vicr arj-G 3s. o Ducts 

ANATOMY 

The human gallbladder has a capacity of 
about oO ml Its wall is composed of a thm layer 
of muscle fibeis and fibroelastic tissue, with a 
lining of mucems membnine The muscle fibers 


aged,_d sharp reducdicrmmTTFie vpiunu\of b^ile is 
one of the earliest sign^ ( Brauer, 1958) | Bil^ ^ are sparse, and iooseh interlaced with one an 
mliy TeJr^biiOxbciLi^ othei and with the strands of fibroelastic tissue 

of JiilejJxXhe bile du cts is^khiyaUid aho\e a >AThe mucosa is surmounted by a layer of col 


certaui-^caniiuxL levjeLbut at n()rr nAl..--UiXbbJires ' 
rctbhorption of bik;j^nc^igilde\ 

Organi c constituents o f idie bile are actively 
secteted T hev^ ppear in such concentrations in 
t Ke 17ile relat i v?~l7”!IierFTon^ ratT ojOLin TEe 
bk)od that an aclive process is inevitable The 
liver cells exhibit a certain maximum capacity 
for secreting various of the bile constituents, 
comparable to the tubular maximum of the 
kidney tubules for certain of the constituents of 
the urine For example, there is a maximum 
rate of secretion of Bromsulphalem into the bile 
beyond which an increase m the dose, or in the 
rate of infusion in the blood, no longer alters 
the secretion rate Similar phenomena have 
been observed for sodium dehydrocholate, bili- 
rubin, and certain dyes fFhe same cells are ^ 
involved m the secr etion of different organic 


urnnar epithelium 
The c\stic duit, through which the bile en 
ters and later leaves the viscus, is tortuous, or 
S-shaped, and shows spiral folds of mucosa- 
the valves of Heister within its lumen These 
so-called valves do not have a vake-hke action, 
for thev offer little resistance to the passage of 
bile m either direction, nor do thev seem to 
prevent a too lapid flow of bile as some have 
supposed Thev develop late in phylogenetic 
history, apparently being associated with the 
erect posture and thev aie found only m pri- 
mates The folds are formed in the embryo by 
the twisting or winding of the duct during de- 
velopment Their function, as suggested by 
Keith (190.‘b and supported by Lichtenstein 
and Ivy (19H7), is to stiffen the wall ot the duct 
and so prevent its kmkmg 

The common bile duct, formed by the union 


cor|ipowda,^as indi cated by the fact that the 

of theseby the hve rcells } *<of the hepatic and cystic ducts, passes very 
limits the rate of secretion of certain dtHer^ ( obliquely through the muscular wail of the duo- 


For example, if the liver is actively secreting^ 
Bromsulphalem, its capacity to secrete bilirubin 
IS limited, and if it is actively secreting bili- 
rubin at a rate near its maximum capacity, it is 
unable to secrete bile salts at their normal max- 
imal rate This indicates that there is competi- 
tion within the individual liver cells among the 
various substances that are secreted into the 
bile 

It has been possible to observe, m suitable 
preparations, the path taken by certain of the 
substances that are secreted into the bile. For 
example, fluorescein can be seen to appear first 
in the parenchymal cells of the liver, then se- 
creted into the bde canaliculi, and then trans- 


denum and joins with the pancreatic duct to 
form the ampulla of Voter 
Though it posse sses important functions, the 
gallBladder IS not indispensable, since it can be 
re moved with impunity After such ah op era- 
tTon, however, the^arger bile ducts undergo 
so me dila tion7 which may, in part, edinpen® 
fo FtHe remo val of the viscus is 

aSsent in some animals wKme habits and diges- 
tive processes are not apparently essentially dif- 
ferent from those of animals that possess one It 
IS absent m the horse, deer, and rat but present 
m cattle, sheep, dogs, cats, and mice It is 
present m fish, amphibia, reptiles, and birds, 
but is absent from orders lower than these 
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Fine Structure of the Gallbladder Mu- 
cosa. The mucous membrane of the gallbladder 
of various animals and man has been studied in 
detail by light microscopy However, only re- 
cently has the fine structure of the gallbladder 
mucosa of man been studied by electron mi- 
croscopy The mucous membrane of the gall- 
bladder of man is composed of three distinct 
types of cells that have been designated “ordi- 
nary epithelial cell,” “pencil cells,” and “basal 
cells ” The most common type of cell is the or- 
dinary epithelial cell, which is arranged as a 
single layer of tall columnar epithelium The 
so-called “pencil cell” is rarely seen but appears 
to be a compressed ordinary epithelial cell 
Like th6 ordinary epithelial cell, it extends 
from the basement membrane to the lumen of 
the gallbladder The third type of cell, the so- 
called “basal cell,” is scattered randomly 
throughout the mucous membrane, occupying a 
position adjacent to the basement membrane 
The basal cells do not extend to the luminal 
surface of the mucous membrane 
Electron microscopy reveals that the col- 
umnar epithelium of the gallbladder has many 
charactenstics of an active absorbing mem- 
brane (Evett et al , 1964) The luminal surface 
of the epithelial cells is composed of a micro- 
villus border The plasma membrane of the mi- 
crovilli IS continuous with that of the intervillus 
surface and the lateral cell walls of the epi- 
thelial cell At the luminal junction of adjacent 
epithelial cells, the plasma membrane forms 
“terminal bars” which are thought to prevent 
intraluminal material from gaming entrance 
into the intercellular spaces The lateral walls 
of adjacent cells are interlocked into each other 
by folds m plasma membranes The basal wall 
of the ordinary epithelial cell rests on the base- 
ment membrane and is straight 
The cytoplasm and organelles of the epi- 
thelial cells are stratified in a manner similar to 
that observed in other cells which participate 
actively in secretory or absorptive functions 
Just below the microvillus border, there is a 
small cuticular zone that is clear, due to the 
absence of mitochondria or granules Immedi- 
ately beneath this is the subcuticular or dark 
zone which extends over a third of the cell’s 
height It is in this zone that many mitochon- 
dria, vesicles, granules, and a dense endo- 
plasmic reticulum are observed Beneath the 
subcuticular or dark zone is observed the Golgi 
apparatus, which appears to be quite similar to 


that observed in other secreting or absorbing 
cells The nucleus is large and rounded and 
occupies the lower third of the cell It possesses 
no features to distinguish it from nuclei of 
other cells 

The pencil cell, like the ordinary epithelial 
cell, extends from the basement membrane to 
the lumen It possesses microvilli and terminal 
bars, and has a stratification of cytoplasmic 
organelles similar to that of the ordinary epi- 
thelial cell The basal wall of the pencil cells 
has papillary projections of cytoplasm which 
extend deep into the basement membrane The 
function of the pencil cell is unknown 

The nucleus and cytoplasm of the basal cells 
are darker than those of the adjacent ordinary 
epithelial cells The plasma membrane of the 
cell IS relatively straight The cytoplasm of 
these cells is more simply organized than is that 
of the other two cells previously described 
Small infrequent mitochondria and the endo- 
plasmic reticulum are randomly distributed 
throughout the cytoplasm Only rarely are Golgi 
membranes or vesicles observed The function 
of the basal cell is not known 

CONTRACTION OF THE GALLBLADDER 
AND COMMON BILE DUCT 

The gallbladder shows spontaneous rhythm- 
ical contractions which occur at th e rate of 2 to 
~ 6ymin (in the dog), and also ^Ttomc co ntrac^^ 
t ion which lasts from 5 to 30 min or more The 
’"rBySimical contractions (m the dog) are capable 
o f producing a pressure change of 250 to 300 
mm of water, which is about the maximal 
pressure at which bile can be secreted by the 
liver R hythmical contractions of the common 
bile duct have''heeh BenTdhstrated also m am- 
inals 

FUNCTIONS OF THE GALLBLADDER 

Concentration and Storage of Bile — Sec- 
retion of Mucus. Gallbladder bile may hav e 
ten ^times more total solids than bile collected 
toni _ the hepatic duct Wate Flingnmbfganic 
salts are absorbed through th e lymphatics and 
bl ood vessels of the gallbladdeTw STTEeTbm- 
p osition.-Q Lth£^sorbed fluid is virtually that of 
physiologic^ saline Bile pigments, bile salts, 
and cholest erol are notatBsorbed to any appre- 
c iab le degree under normjal circumstences 

It is undecided whether cholesterol is ex- 
creted by the normal gallbladder mucosa In 
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this connection, it ma\ be mentioned that a 
pronouneed di ffuse d eposition of a cholesterol 
ester in the connect ice tissue of the human ^alh 
bterdder, rans^mg fiom dh to hOS of its dr\ 
weight is seen as a pathological conciition The 
Ti^ie ot the vesicle is stiff aruf gieatlv thick- 
ened as a result of its impregnation with lipid 
material d'he disturbances leading to (his con- 
dition, which is spoken of <is ( /m/e,sterosis of thv 
gallbladder or from the appearance of the 
mucosa, as the “strawberrv gallhLiddei " <ire 
unknown The exist ence of this c‘ondition can 
not, however, be used as evidence for the secre- 
tion ot cholesterol h\ the gallhladdei mucosa 
under phvsiological londitions 

We owe the greater part of our knowledge of 
the absorptive powers of the gallbladder to the 
work of Ilavdin and to-vvorkers tl9d2 a and h) 
Rous and Me Master (1921). and more receritK, 
that of Diamond (19(>2ii, b, c) Bv nusins of 
a cannula placed in the bile duct, Rous <ind 
McMaster collected the bile as it c\une from 
the liver and compared itvs composition with 
the bile m the gallbladder The bihruhin per- 
centages of the respective tluicis w^ere used as 
a measure of the degree of concentration that 
had been effected in the bile during its stay m 
the gallbladder The bladci er bile was foun d to 
be dark er, thicker ancI hT^ ^hsyr upv'' than the 
bile "^collected from the ducts It contained 
{rbm'T^TTcT times "ipor/lJITirubm than the 
Uvjer bile Absorption occurred with remarkable 
rapidity in some instances In one experiment 
a bout 50 ml of bile which entered the gallbla d- 
d er was reduce'd to less than 5 ml m about 22 
hr In experiments involving the drainage of 
the gallbladder through a cannula inserted into 
its fundus, it ha s be en shown that the mere pas*-; 
sage of bileTEough the organ 
H^fol d concentration Infl^j©ati(2nLJ^fJ^^ 
gallbladder reduces ^ or a bolishes its conce n-l 
SatmFpow iiZ , ^ 

Diamond (1962) has shown, m a series of 
beautifully designed experiments, that the gall- 
bladders of fish and rabbit in vitro absorb so- 
dium chloride and water m isotonic propor- 
tions The differences in composition between 
hepatic and gallbladder bile result secondarily 
from this transport process across the gall- 
bladder mucosa Sodium and chloride are ab- 
IP 1:1 proportions and water movement 
IS coupled to the salt movement. The differ- 
ences in composition of hepatic bile and gall- 
bladder bile of the dog are listed in Table 2 10 


Table 2 10 

Composition of ( antno hopatit and (lallbladder bile 



Hepatic 

Bile 

( rallbladder 
Bile 


mmo/fs 

rnmoleh 

\a 

171 

220-840 

K 

b b 

6-10 

(’1 

"m 107 

MO 

HC’O, 

M bb 

0 17 

Hile ac ids 

28 12 

290 840 

('a 

b 

2V82 

Mg 

\ b 


Aft(*i DiamotKi From analvses hv Ravdin, 

Johnston Ricgcl vind 

\\ light (I9J 

2) Keinhold and 

W ilson ( I9,UI Wlu'clm 

and Harnos 

( 191)0) 

Using (he gallbladder of a i 

[resh water fish, 


the roac9i. Diamond h<is studied its absorptive 
functions in eitro Aftei the gallbladder is re- 
moved from the fish, the c'stic duct is cannu- 
lated and the gallbladder is filled w'lth a solu 
tion to be studied The cannula and gallbladder 
are then suspended in <i beaker containing a 
bathing solution As a measure of absorption, 
the cannula and gallbladder «irc^ weighed at 5 
to lO-mm intervnis Figure 2 U) shows there 
sulks of such an experiment when Ringers solu- 
tion was used to fill the gallbladder and also for 
the bathing solution in the beaker It was found 
that absorption occurred at a steady rate with 
the removal of approximately 38 mg/hr of the 
Ringer's solution in the gallbladder After 
hr , lodoacetate, a metabolic poiscm, was added 
to the solution in the beaker Absorption was 
promptly inhibited, as shown bv no further loss 
of weight of the preparation, and so indicated 
that the absorptive process is metabolically 
dependent 

Unlike most membranes that actively trans- 
port sodium or chloride, no potential difference 
IS observed across the gallbladder mucosa 
during active absorjition The *‘salme pump” is 
thus electrically neutral, due to the iaei that for 
each sodium ion transported, one chloride ion 
IS also transported. The limiting factor of the 
salt transport system appears to be the chloride 
concentration remaining m the gallbladder 
bile ^ 

It will be recalled that bile is in osmotic egn i- 
U^mm with pjasma The osmotic equilibrium 
"Exists even though the total electrolyte composi- 
tion of bile may be as high as 600 mEq /liter 
This discrepancy m the total electrolyte compo- 
sition and the osmolality of bile is observed in 
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Fig 2 40 Absorption in the isolated gallbladder Both 
sides of the gallbladder were initially bathed in Ringer s 
solution Absorption from the gallbladder was determined 
by noting the decrease in weight of the preparation which 
averaged 37 9 mg /hr At 3 hr and 48 min NaCN and 
lodoacetic acid were added they blocked absorption as 
shown by no further decrease in weight (Redrawn from 
Diamond 1962a) 

both common duct bile as well as in gallbladder 
bile, but it IS much more marked in gallbladder 
bile that has been concentrated The explana- 
tion of this apparent discrepancy is found in 
the fact, previously mentioned, that bile salt 
exists a s aggregates or micelles that a re osmoti- 
cally inactive As bide Ts concentrated, the Tor- 
matidh oT thesT' macromolecular complexe s 
■ (Junip^'gfT 1964) reduced the osmotic effect of 
bil e acid as well as the electrolytes in the bile, 
thus ma intaining osmolality 
The gallbladder mucosa also adds to the vis - 
cosity of the bi le by the secretion of a thi ck 
mucfhous material If the ducts are obst ructed 
byli gatibn and t he gallbladder is tied off, afte r 
so me days, a clear, colorless fluid is found to 
hav e collected withi n the ducts This fluid, the 
so-c alled “white bile ,’ ' is not uncommonly seen 
during an operation upon an obstructed bile 
ducf associated with a f unctionless gallBT^ct er 
The white bile’', under these circumstances, is 
fur mshed solely byTH eThucosa of the ducts" It 
contams no^^ ment'TIlV^sSHr’^^ 
and^bears almost no resemblan ce to bile The 
secr etion of the l atter has been suppressed by 
t he" rise m pressure Tt o 300 mm or so of water) 
within the ligated duct system 

If the gallbladder is healthy, and left m 
communication with the obstructed system, the 
sequence of events is entirely different Biliary 


stasis then causes t hick, greenish bile to collect 
in the ducts and bladd^ as a result of the lat- 
ter’ s concentrating activity, and of the muc i- 
nous material which it secretes After a lapse of 
w'eeks the imprisoned bile develops an almost 
ta rry consisten cy The functions of the ducts 
and of the bladder are, therefore, antagonistic, 
'fheTormer t ending to ^Wu^e, the latter to con- 
centrate,^ the bilia ry fluid 

Other Functions. Other functions of the 
gallbladder, subsidiary to its concentr^ing 
power, are the reduction in the alkalinity^of the 
bile and the equalization of pressure within the 
biliary duct system^ Without the ability to ab- 
sorb fluid and reduce the bulk of the bile, its 
power to equalize pressure would be negligible 
The amount of bile secreted in 24 hr is about 
2 0 times or so greater than could be con t ained X 
m the ^gallbladder The loss of its action in 
equalizing the pressure within the duct system 
IS probably a factor leading to the dilation , of I 
the bile ducts, which so frequently follows re -/ 
moval oFThegallbladder (cholecystectomy) | 
" Alter this" operMon,'TEenPIow‘"ofT3Fl^^ 
intestine is nearly continuous at first, but, 
later, the adaptation of the ducts permits inter- 
mittent discharge 

The importance of the gallbladder in the con- 
trol of pressure within the biliary ducts is ap- 
parent from the results of the experiments of 
Mann and Bollman (1925) They found that 
after ligation of the common duct in dogs, a 
rise in the bilirubin concentration of the blood 
did not occur until 24 to 36 hr had elapsed, 
and jaundice did not appear for 2 days If, on 
the other hand, the gallbladder was removed at 
the time that the duct was ligated, jaundice 
was fully developed within 24 hr due, presum- 
ably, to the rise in duct pressure and the “re- 
gurgitation” of bile into the blood 

Menguy and associates (1958) have made 
measurements of biliary and pancreatic ductal 
pressures and the resistance of the sphincter of 
Oddi in dogs, under various conditions In in- 
tact dogs, the a verage biliary pressure wa s 
found to b^71 mm of water When pressures 
were simultSeously measured in the pan- 
creatic ducts, t he pancreatic intraductal pre s- 

sure was always greater than the pressiir eun -the 

cmtimorTbile duct. After ch olecystectomy, the 
pressure in the commoiiTj Li£L4iu.ct_w 
to an average of 111 mm.. of water^ This in- 

crease^ .bihary -presgma. ■,s,omef4tn.es----excee4ed 
^t measured in the -^tancreatic ducts It, was 
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alho noted that the bihar> pressure was miuh 
less stable after”€hc^leevbtectoniv The effects of 
a meal varied, according to whether oi not the 
gallbladder was present In intact animals, a 
meal always caused a moderate rise in piessure 
due to contraction of the gallbladder In (hole- 
cystectomi/ed animals, the already high fasting 
biliary pressure usually dropped after a meal 
The resistance of the sphimter of Oddi was 
markedly diminished after feeding 

FILLING AND EVACUATION 
OF THE GALLBLADDER 


much higher than the pressure which contrac 
-tions ot the gallbladder tan exert, the flow of 
bile is (ompleteh bhH'ked duxing contractions 
of the duodenal musck‘ Therefore, during the 
evacuation ot the gallbladder and during active 
duodenal movements, the bile ma\ be observed 
to enter the dutidtmum m stpurts This is not 
due to the 'hmlking action ol the penstaltir 
movements of the bowel but is the result of the 
alferntite blockage <ind relc*ase of the duct, the 
duodenal movements arc* incapable of causing 
an\ flow of Ink* when the gallbladder is not 
contnuting 


The entrance of bile into the duodenum is 
blocked during fasting hv the tonic contraction 
of the siAmcter nmsjTe (sphincter choleclocTius) 

"at the duodenal end of the duct As the bile 
accumulates within the duct system, its pres 
sure rises, and^„. rjeachin^ a he^^ght of 50 to 70 
mrr^ oi water, fgrcitsjts way„iiUmgjhe cystic 
duct into the jaUbladder During fasting, there- 
fore, the YJiscua becomes „ gradually distended 
with retained bile 

As the wall of the gallbladder is relatively 
thin, and its muscle fibers so sparse, it may 
seem unlikely that it could exert the pressure 
required to discharge its contenta - especially 
\since the gallbladder is evacuated with consid- 
“erable difficulty by manual compression If has, 
"however, been proved quite definitely, as a re- 
sult of evidence derived from several modes of 
mvestigation, tha t the cont ractions of the gall- 
bladder itself, despite the apparent mj^scular^ 
are respon sible for_^ the 
expulsion^^^^o f^it^^^ times of 

lempymg of the gallbladder are related to gas- 
tric digestion During tasting, it remains dis- 
tended with bile. - 

""When the walls of the gallbladder contract, 
bile IS discharged along the cystic and common 
ducts into the duodenum. The sphincter (or 
sphinc ters) guarding the lower"end""^^ 
c ommdHnSIIe^ can withstand a 

pressure of IQQ to 200 mm of wa ter, but the 
mr^ure developed bvldm cdhtraSo^ of the 
m dogs was shown by Man n and 
hS a^aates to amount to over 250 mm of 
wateFT^reover, that relaxation 

*lSf1^GripEmcter occ m^ m part a coordmatedT" 
^'W®ro!SSri^en "Stie bladde r ^ waif contracS” 

capable, wh en contracted, of offering a r€^ist- 
. .mni. j>f^ater. Since this is 


MECHANISM CONTROLLING EVACUATION 
OF THE GALLBLADDER 

Nervous It has been nu*ntioncd tfiat relaxa 
tion of the sphincter of Odcii probahK occurs as 
the gallbladder contracts A coordinated action 
of this nature points to a nervous mechamstn 
The latter may depend upon intrinsic nervous 
plexuses in the walls of the biliary paswsages 
The gallbladder contra<*tions initiated by the 
stimulus of a mc^al might similarly be due to 
short reflexc^s through the intrinsic plexuses of 
the stomach or duodenum and biliary tract 
Nervous mechanisms are also indicated by the 
following observations F^lectncal stimulation of 
the stomach and duodenum in 4inimals is fol- 
lowed by contractions of the gallbladder Con 
tractions are occasionally induced by psychic 
influenc*es, e g , the smell or taste of food The 
gallbladder also responds to experimental exci- 
tation of the vagus or svmpathefK* nerves Ex- 
periments attempting to demonstrate the pre- 
cise actions of the extrinsic nerves upon the 
gallbladder movements have, however, given 
very conflicting evidence. Several observers 
have obtained weak motor effects from both 
vagal and sympathetic stimulation A motor 
action of the latter is also indicated by the fact 
that adrenaline is excitatory. 

Hormonal !Even in animals, nervous mecha- 
nisms are not essential to gallbladder activity 
This IS evident from the fact that the reaction 
to the introduction of fat into the duodenum 
occurs after severing all nervous connections 
between the biliary and gastrointestinal tracts 
and between the former and the central 
nervous system That gallbladder contractions 
can cxjcur under such circumstances suggests a 
hormonal or humoral mechanism Boyden 
(1928) found that the blood of $ n animal (taken 
_at the height of digestion) njected into a 
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fasting animal causes the evacuation of the 
bile, blood from a starved animal has no such 
effect 

Ivy obtained an acid extract from the musoca 
of the upper part of the intestine which caused 
contraction of the gallbladder when injected 
intravenously into animals Acid and other sub- 
stances which are excitatory, when placed in 
the duodenum or when fed, act by causing the 
production or liberation of a hormone m, or 
from, the intestinal mucosa Ivy and Oldberg 
(1928) named this hormone “ cholecyst okmin ” 

The Actions of Drugs upon the Motihty of 
the Gallbladder Epinephrine, pitressm, hista- 
mine and mecholyl stimulate the smooth 
muscle of the gallbladder, whereas morphine, 
ergotamine and atropine are inhibitory 

Gallstones — Cholelithiasss 

On the basis of autopsy data, it has been esti- 
mated that approximately of Caucasians 
have gallstones The incidence of gallstones 
increases with age, cholelithiasis is rare in chil- 
dren and below the age of 20 years, but after 
the fourth decade, the incidence of gallstones is 
25 and after the seventh decade, 50^r Gall- 
stones occur twice as commonly in women, and 
even in children who develop gallstones the 
ratio of females to males is 2 1 In children 
who have gallstones, the possible existence of 
hemolytic anemia should be considered 
strongly In both humans and animals, it has 
been observed that the incidence of gallstones 
in females is greatest in those who have borne 
offspring 

The presence mf gallstones is usually consid- 
ered to be indicative of a diseased gallbladder 
The incidence of gallstones is higher in patients 
with diabetes, hemolytic anemia, and cirrhosis 
of the liver In patients with pancreatitis, ap- 
proximately one-third will have cholelithiasis 
Except when producing obstruction of the bil- 
iary ducts, gallstones cause few symptoms Al- 
though the incidence of gallstones is extremely 
high (65 to lOOfc m various senes reported) m 
patients with carcinoma of the gallbladder, only 
1 to 2% of patients with gallstones develop car- 
cinoma of the gallbladder 

Gallstones are composed of constituents of 
the bile which have been thrown out of solu- 
tion Cholesterol is present in greater or less 
amounts of the commoner varieties of gallstone 
Some stones may be composed almost entirely 
of this substance In other types of stone, bile 


pigment or calcium is an important or the pre- 
dominant constituent Gallstones, therefore, 
differ considerably in size, color and inner 
structure, according to the materials of which 
they are composed The great majority of 
stones are formed in the gallbladder, but they 
also may form in the hepatic duct, or even in 
the smaller ducts within the liver 

THE FORMATION OF GALLSTONES 

The mechanism of gallstone formation is not 
clearly understood but the following are recog- 
nized as being the most important factors to be 
considered 1) injury, especially of an infective 
nature, to the gallbladder wall, 2) disturbance 
m cholesterol metabolism, 3) stasis of the bile, 
and 4) reaction of the bile 

EXPERIMENTAL PRODUCTION 
OF GALLSTONES 

Little experimental work has been done on 
the pathogenesis of cholelithiasis As m man, 
gallstones are not infrequently found in animals 
which possess gallbladders Small animals, 
which have been used as experimental models 
for inducing cholelithiasis m the laboratory, 
include the guinea pig (Okey, 1942), the ham- 
ster (Dam and Christensen, 1952), and the 
mouse (Tepperman et al , 1964) To induce 
cholelithiasis experimentally, manipulation of 
the diet of the animal has been the method 
most commonly employed For example, Okey 
found that with a high cholesterol diet with 
added vitamin B, gallstones would develop in 
80 of guinea pigs A high cholesterol diet m 
itself would not induce cholelithiasis In both 
hamsters and mice, the ratio of cholic acid to 
cholesterol in the diet, and in the secreted bile, 
appears to be a critical factor It has already 
been mentioned that in normal bile, the 
cholesterol bile acid ratio is between 1 20 and 
1 30 When this ratio falls to 1,13, deposition 
of cholesterol occurs In mice, a high incidence 
of cholelithiasis can be induced by simply 
adding 19c cholesterol and 0 5*^c cholic acid to 
the animal’s regular laboratory chow diet On 
such a diet, the mice will begin to show stones 
within 3 to 4 weeks Females tend to develop 
stones earlier than males Tepperman and his 
associates (1964) have pointed out that the rate 
of bile flow IS also important in the production 
of cholelithiasis in mice They found that fe- 
male mice had a significantly higher rate of bile 
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production than did males, and that estrogen 
increased the rate of bile flow in the male while 
androgen decreased the rate in the female. This 
recalled the well-known relationship between 
pregnancy and gallstones. 

In both hamsters and mice which have devel- 
oped cholelithifisis due to the addition of cho- 
lesterol and cholic acid in the diet, the stones 
tend to disappear after several months on a 
normal diet (Caldwell et ah, 1964). The sponta- 
neous disappearance of gallstones in man has 
also been reported (Miller, 1956; Dworken, 
1960), The factors involved in the dissolution of 


gallstones are not understood. The explanation 
tor the disappearance of a few small stones 
might l)e that they are passed through the bil- 
iary system into the intestine. This is not the 
explanation for large stones, however. Although 
apparently very rare, gallstones, on occasion 
can spontaneously disappear. 

FAirther study of the \’arious animal models 
for the production of cholelithiasis should yield 
information that will be helpful, not only in the 
understanding the etiology of cholelithiasis in 
humans, but also in prevention and therapy 
after gallstones ha\'e developed. 
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SECRETJOIM 

The focxl substances m the gastric chyme are 
far from being ready for absorption The prod- 
ucts of peptic digestion of protein are still rela- 
tively large molecules containing many ammo 
acids Starch digestion is incomplete and fat 
digestion has barely begun In the intestine, the 
enzymes of pancreatic juice carry the digestion 
of protein a step further but leave most of it 
still in the form of peptides, which need further 
digestion before being absorbed Starch and 
dextrms are reduced to maltose and some glu- 
cose Presumably, fat digestion is accomplished 
by pancreatic lipase but even this may be aided 
by lipase from the intestine Final food prepa- 
ration for absorption is accomplished by en- 
zymes found within the lumen of the small 
bowel and within the epithelial cells of the 
mucosa lining the small bowel 

Secretions of the Small Intestine 

The structure of the intestinal mucosa is par- 
ticularly adapted to provide an extremely large 
surface area to the intestinal contents and thus 
enhance the process of absorption This in- 
crease in surface area is accomplished by the 
villi of the mucosa, and the brush border (com- 
posed of microvilli) of the epithelial cells cov- 
ering the villi At the base of the villi are small 
tubular glands known as the crypts of 
Lieberkuhn It has long been taught that the 
“intestinal glands” secreted and that the villi 
absorbed Many enzymes have been identified 
in the contents of the small bowel and it was 
assumed that they were the products of secre- 
tion by the intestinal glands This secretion, 
known as the succus entencus, was supposed to 
complete the digestion of carbohydrates, prote- 
ins, and fats, in order that the products of 
digestion could be absorbed by the villi Re- 
cent evidence has cast considerable doubt on 
this concept of intestinal secretion and absorp- 
tion It now appears that the primary function 
of the “intestinal glands” is to provide for the 


constant replacement of epithelial cells for tips 
of the villi In addition, it is now known that 
carbohydrates, proteins, and fats do not have to 
be completely reduced, respectively, to mono- 
saccharides, amino acids, and fatty acids, prior 
to absorption 

THE INTESTINAL GLANDS 

The mucous membrane of the small intestine 
IS covered everywhere with minute projections 
(about 1 mm in height and somewhat less in 
diameter) called intestinal villi The villi are 
invested with a layer of columnar cells, of the 
type characteristic of the intestinal mucosa set 
upon a basement membrane, beneath which is 
a fine layer of a smooth muscle fibers contin- 
uous with the muscularis mucosae In the 
center of each villus is a lymphatic vessel con- 
tinuous with the lymph vessels of the mucous 
membrane This lymphatic is somewhat en- 
larged into a small sinus lined with endothe- 
lium In some of the larger villi there are sev- 
eral lymphatics Between the epithelium and 
the central sinus is a network of blood vessels 
Contraction of the smooth muscle of the villus 
causes a characteristic type of movement Be- 
tween the villi are the openings of the intestinal 
glands, or crypts of Lieberkuhn, which are 
simple tubular glands The crypts do not pene- 
trate the muscularis mucosae The epithelium 
covering the villi is of the same type as that 
lining the crypts, and consists of a single layer 
of columnar cells with certain specialized cells 
interspersed among them The free end of each 
columnar cell, next to the lumen of the intes- 
tine, IS provided with a specialized cuticular 
border, resembling the brush border of certain 
renal tubular cells The brush border of the sur- 
face epithelial cells of the villi is composed of 
microvilli approximately 1 ^ in length and 
about 0 1 jLi in width Zetterqvist (1956) has 
estimated that each columnar absorbing cell in 
the mouse jejunum possesses about 600 micro- 
villi ^nd that 1 mm ^ of absorbing surface will 
contain 50,000,000 such structures 
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Here and there among the columnar cells are 
goblet cells that sec'rete mucus and spec laii/ed 
cells that stain with siher <ind aie called ar- 
gentaffin or enterochiomaltin cells Other cells 
wuth a large acidophile nucleus known as Pa 
nvth cells are also present The argentaitin cells 
are ot particular interest because the\ secrete 
serotonin, oral least svnthesi/e its precursor I 
hvdroxN tryptophane (Erspanier and Asero 
1952) The functions of serotonin in the ho(i\ 
are not known, but it has mam powerful phai 
macoiogical actions, among w^hich <ire stimula 
tion of gastrointestinal motihtv and inhibition 
of gastric secretion (Olson and (lra\, 1958) 

In the bottoms of the c i\pts many of the epi- 
thelial cells may l)e seen to be undergoing mito- 
sis, and at the tips of the m11i one can see that 
cells are being shed into the lumen of the intes- 
tine (Leblond and Ste\ens, 1918) Thus, there 
IS going on in the intestinal mucous membrane 
a process of continuous replacement of the epi- 
thelial lining new cells being produc'ed in the 
bottoms of the crvpts, and the older cells being 
continuously shed at the tips of the vilh The 
rate of renewal of shed epithelial c'eils has been 
estimated by means of <iutoradK)graph\ using 
tntiatecl thvmidine to label the deoxyribonu- 
cleic acid (DNA) of the nuclei (Leblond and 
Walker, 1956) When tntiatecl thymidine is in- 
jected into an animal, it is rapidly incorporated 
m the cells of the crypts undergoing mitoses 
The migration of the labeled ceils up the mUus 
can be observed by obtaining biopsies at var 
lous times after the injection, and exposing thm 
sections on a photographic emulsion In man, 
the time required for this migration has been 
estimated as 3 days Thus, every 3 days the 
lining of the small bowel is replaced due to the 
rapid turnover of epithelial cells Crosby (1961) 
has estimated, on the basis of calculations of 
the epithelial cell mass of the small bowel of 
man, that about 250 g of epithelial cells are 
shed into the lumen of the small bowel each 
day 

In the first part of the duodenum, m addi- 
tion to the regular intestinal glands, are special 
mucous glands known as BrunnePa glands 
These are similar m structure to the pyloric 
glands of the stomach. They are made up of 
long tubules, which branch frequently and are 
often tortuous, and which penetrate the muscu- 
lans mucosae. Their ducts empty into the 
crypts of Lieberkiihn Brunner's glands are 
very numerous in the duodenum between the 


pNloru'^ and the entrance of the bile and pan 
cieatic ducts Below this level they are seen 
less fre(|iumtK and none arc' found beyond the 
duo(leno|C|un<il )iuu tion 

INTESTINAL SECRETIONS OR SUCCUS 
ENTERICUS 

The composition ot the fluid secieted by the 
intestinal mucous memhiane v.iiies somewhat 
in diffeient parts of the intestine For example, 
in the duodenal area due* to the secretion of 
the mucous glands of Hiunner. the secretion 
contiUns rnoie mucus than is found elsewhere 
In geneial, the sec i el ion of thc‘ small intestine 
IS a thin, c’oioriess, or slight i\ straw-colored 
fluid, somewhat opalest*ent and containing 
flecks of mucus On centrifuging and exam 
ining the sediment, it tan be seen that the 
cloudy appearance of the luite is ptirtlv due to 
mucus and piirtlv due to cellular debris, in 
eluding some intact cells of the type character 
istu of the intestinal rnutous membrane (Florey 
et al , 1941) When collected from the duo 
denum only, the juice has a more glairy appear 
ance and a heayier coasistcmcw, and evidently 
contains a gumtei proportion of mucus The 
composition of the juicc* consists miUnlv of wa 
ten, inorganic* salts, and organic material 

The lasting intestinal fluid is the resultant of 
fluxes into <ui(i out of the intestine, and what is 
collect ed and measured is a net resultant 

The c oncentration of sodium, potassium, cal- 
cium, iind total anions is relatively constant, 
and m both jejunum and ileum resembles the 
serum (1 and IKT), display a re< iprocal re 
lation, in jejunal fuice HC’O^ is low, and is 
high m the ileum 

The reasons for the differences m HCO 3 
Cl are not established It has been suggested 
that the difference between jejunum and ileum 
is due to a dimmishing ability to secrete hy- 
drogen ions along the gastrointestinal tract 
Recently Fordtran and his colleagues (1968) 
have suggested a double exchange mechanism, 
Na ' for H , and chloride for bicarbonate for 
electrolyte movement across the ileum, based 
on a noneiectrogenic transport system It has 
also been argued that pa&sive diffusion could 
explain the electrolyte movements 

Except m the duodenum, the quantity of 
jfluid secreted by the small intestine is never 
very great, a few milliliters per hour being the 
usual amount that it is possible to obtain under 
conditions of stimulation In the dog, pig, rab- 
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bit, and goat, spontaneous secretion of the 
Brunner’s glands, amounting to 0 5 to 2 0 
ml /hr , has been demonstrated Spontaneous 
secretion apparently does not occur in the cat 
In dogs, where more extensive studies have 
been done, the response of the Brunner’s 
glands to feeding results in only 3 to 4 ml /hr 
It is difficult to determine with accuracy the 
amount actually secreted because of the tre- 
mendous absorptive capacity of the intestine 
Many times more than the amount that it is 
possible to collect may be secreted and reab- 
sorbed during an observation period It is evi- 
dent that the mucosa is capable, under some 
circumstances, of passing enormous amounts of 
fluid into the lumen of the intestine as shown 
by the great water loss that occurs through the 
intestine in pathological states such as cholera, 
diarrhea, or intestinal obstruction 

The organic matter of the juice consists of 
mucus, enzymes, and cellular debris The 
source of the enzymes is unknown but it is as- 
sumed that they are produced by the columnai 
cells, although the argentaffin cells or the 
Paneth cells may be responsible for some of 
them There is no evidence that the mucosa of 
the small bowel secretes enzymes in the sense 
that secretion occurs in the gastric mucosa or in 
the pancreas The exfoliation of epithelial cells 
into the bowel lumen, and their subsequent 
dissolution probably accounts for the presence 
of enzymes in the intraluminal contents of the 
small intestine, although Florey and his col- 
leagues have concluded that only enterokinase, 
the enzyme which converts trypsmogen to tr}^- 
sm, and amylase were secreted into the lumen 
of the gut A really formidable array of enzymes 
have been reported as occurring in intestinal 
secretion A pepsin-like protease (from the 
duodenum only), an amylase, a lipase, at least 
two peptidases, sucrase (invertase), maltase, 
lactase, enterokinase, alkaline phosphatase, 
nucleophosphatases, and nucleosidases have 
been described Immunoglobulins have been 
identified in the secretions of the intestine 
Immunoglobulin A (IgA) is the predominant 
form throughout the intestinal tract of man, 
and IS believed to be transferred from the blood 
to gut lumen by the addition of a “secretory 
piece” or transport “T” piece 

The studies of Wright, Jennings, Florey and 
Lium (1940) raised a question as to the source 
of the enzymes ordinarily found in intestinal 
secretion They reported that when they took 


precautions to prevent injury to the mucous 
membrane while collecting the secretion, and 
then immediately centrifuged the collected se- 
cretion so as to remove cellular debris, only 
amylase and enterokinase were consistently 
present in the supernatant fluid They consider 
that those enzymes, and possibly maltase, are 
secreted by the intestinal glands m the usual 
sense The others, they believe, are intracellular 
enzymes which exist in the cells of the mucous 
membrane and appear in the juice only as a 
result of the shedding of these cells and their 
disintegration m the intestine 

CONTROL OF BRUNNER S 
GLANDS 

Secretion of Brunner’s glands is controlled by 
nervous and humoral mechanisms which affect 
the other intestinal glands only to a slight ex- 
tent Their secretion increases on stimulation of 
the vagus nerves or the administration of para- 
sympathomimetic drugs such as pilocarpine 
and physostigmine, it is not augmented by 
stimulation of the sjmipathetic nerves (Florey 
and Harding, 1934) The amount of secretion is 
increased after meals (Blickenstaff et al , 1949), 
even in transplanted denervated pouches of the 
duodenum (Florey and Harding, 1935b) This 
proves that there is a humoral mechanism for 
regulating the secretion, in addition to what- 
ever nervous mechanisms there may be Florey 
and Harding (1935a) were convinced that it 
was secretin More recent studies indicate that 
in addition to secretin, gastrin, pancreozymin, 
and glucagon stimulate Brunner’s glands as 
well 

Florey and Harding (1933) emphasized the 
protective function of the secretion of Brun- 
ner’s glands and considered it an important 
factor in preventing duodenal ulceration 
Since, like other intestinal secretions, it con- 
tains enterokinase it helps to activate the tryp- 
sinogen of pancreatic juice 

CONTROL OF SECRETION OF SUCCUS 
ENTERICUS 

It has long been known that local chemical 
and mechanical stimuli can evoke secretion by 
the small bowel The neural and humoral 
mechanisms regulating secretion by the small 
bowel are poorly understood Except for “para- 
lytic secretion,” discussed below, there is little 
evidence that neural and humoral mechanisms 
normally play a significant role 
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Nervous Control Wri^^ht and his co- 
workers (1940) were able to obtain an increased 
secretion trom the duodenum on stimulation ot 
the vagus in decerebrated or decapitated ani- 
mals, but weie unable to obtain clear ecidence 
that vagal stimulation caused secretion from 
the jejunum or ileum 

Stimulation of the sympathetic causes no se- 
cretion, but cutting the nerves results in a 
marked increase in secretion This paral\tii 
secretion, as it is called is increased b\ phvso- 
stigmine and inhibited bv atropine, it is there- 
lore considered to be dependent upon some 
cholinergic mechanism in the intestine In gen- 
eral, parasYmpathoniimetic drugs increase the 
paralytic secretion, and svmpathoiaimetic 
drugs tend to inhibit it From these observa- 
tions we can conclude that secretion is <iug- 
mented by a cholmeigic mechanism One inter- 
pretation ot the paralytic secretion is that sec- 
tion of the sympathetic nerves results in either 
unopposed acetylcholine stimulation or dilation 
of the blood vessels of the intestine, which in- 
creases the blood flow An increase m blood 
flow could provide a greater amount of fluid for 
secretion and, presumably, produc^e augmenta- 
tion of secretion on section of the svmpathetic 
nerves (Starling, 1906) Babkin (1950) has 
pointed out that cutting the svmpathetic nerves 
to the small intestine increases its motihtv, 
which undoubtedly has a massaging effect on 
the mucous membrane 

Humoral Control. The most effective stim- 
ulus for secretion of succus enter icus is local, 
mechanical, or chemical stimulation of the in- 
testinal mucous membrane Such stimuli are 
always present m the digesting intestine, due to 
the presence of chyme and the food particles 
which it contains Feeding is not very effective 
in increasing the rate of intestinal secretion 
from an isolated intestinal loop, provided the 
nerve supply is intact, but if the sympathetic 
nerves have been severed, a noticeable increase 
m secretion takes place when the animal is fed 
Nasset (1938) and his coworkers have prepared 
an extract of the intestinal mucous membrane 
which IS free from secretin, from vasodilator 
material, and from toxic substances, but which 
causes an increase m the secretion of a dener- 
vated jejunal loop when given intravenously 
The material is thought to contain a hormone 
which augments the intestinal secretion, it is 
called “enterocnmn,” but its existence has not 
been generally accepted by workers in the 
field 


THE FUNCTION OF THE SUCCUS 
ENTERICUS 

Kn/vmatic digestion of food, in all its phases 
IS a hvdrolvtu process, therefore, an abundance 
of water to serv'o as one of the reacting sub 
stances is essential The succus entencus pro 
\ides this water in the area m which the major 
part of digestion of food occurs Water is also 
necessary to serve as a solvent and as a medium 
of suspension and transport for the solids which 
are dissolved oi suspended in the chyme The 
en/MTies, either in the secretion or in the cells, 
complete the digestion of protein and carbohy 
clrate hv i educing the peptides which result 
from peptic and trvptic digestion to ammo 
acids, and the disacchandes which result from 
amvlolvtic digestion of starch to glucose Other 
disacchandes that may be present in the food 
are likewise digested, liberating their constit 
uent monosaccharides In fat digestion, the 
succus entencus serves as a source of water and 
as a medium for suspension and emulsification 
of the fat particles, it mav provide a certain 
amount of lipase 

Secretion of the Colon 

The mucos<i of the mammalian cecum and 
colon IS m many respects similar to that of the 
small intestine, crvpts are present but there are 
no vilh As in the small intestine, the cells at 
the bottoms ot the crvpts exhibit numerous 
mitoses, suggesting the continuous replacement 
of shed epithelial cells (Joblet cells are more 
numerous than in the small intestine, and the 
epithelial cells between the goblet cells differ 
among themselves, hut m the majority of cases, 
the protoplasm is clear and free from secretory 
granules The secretion is scanty (Wright et al , 
1938), as IS to be expected from the fact that a 
major function of the large intestine is absorp- 
tion of water The decrease in volume of intes- 
tinal contents that occurs m this area indicates 
that secretion does not keep pace with absorp- 
tion Actually, it is usually not possible to col- 
lect any secretion from a colonic fistula unless 
the mucous membrane is stimulated mechani- 
cally by insertion of a catheter or other instru- 
ment Even with this stimulation only a few 
tenths of a cubic centimeter per hour can be 
collected When anything can be collected, it 
consists of watery fluid with clumps of white 
mucus; often it is viscous and opalescent The 
reaction is alkaline, due to sodium bicarbonate 
which may be present m concentrations as 
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high as 80 to 90 mEq Alter, according to 
DeBeer et al (1935) 

NERVOUS CONTROL OF COLONIC 
SECRETION 

Florey (1930) and Wright et al (1938) found 
that stimulation of the nervus erigens caused 
the colon to secrete a clear mucoid fluid In 
contrast to absence of spontaneous secretion, 
stimulation produced as much as 55 ml in one 
8-hr period from the distal half of the colon, 
the average rate was about 5 ml Air Reflex se- 
cretion was observed on stimulation of the cut 
end of one nervus erigens, the other being in- 
tact, the reflex center was located in the 
lumbar spinal cord It should be recalled that 
the nervus erigens supplies only the distal por- 
tion of the colon with parasympathetic fibers, 
the parasympathetic supply for the proximal 
colon comes from the vagi Acetylcholine and 
pilocarpine increase colonic secretion, atropine 
inhibits it Cutting the S 3 nnpathetics does not 
produce ‘'paralytic secretion” in the large intes- 
tine, but stimulation of the S3Tnpathetics di- 
minishes the secretory response to stimulation 
of the nervus erigens 

ABSORPTION 

The mucous hning of the small intestine is 
one of the most remarkable organs of the body 
It secretes a variety of hormones which help to 
regulate gastric secretion and motility, the se- 
cretion of the pancreas and of the intestine it- 
self, and the movements of the gallbladder and 
the intestinal villi During absorption, the mu- 
cosa cells perform a variety of hydrolytic and 
synthetic operations upon the food substances 
passing through them, greatly modifying the 
character of the absorbed material Even while 
producing their own secretions, the epithelial 
cells are transferring water and dissolved sub- 
stances from the lumen of the intestine into the 
interstitial fluid to be taken up by the blood 
This activity is highly selective and frequently 
involves the expenditure of considerable en- 
ergy Probably nowhere, except possibly in the 
hver, IS so great a variety of functions per- 
formed by a single tissue 

The ultimate aim of digestion is absorption 
Only after the products of digestion have 
passed through the epithelial lining of the 
digestive tract and entered the blood stream 
are they able to serve their purpose of providing 
nourishment for the tissue cells of the body 


Absorption of such materials takes place almost 
entirely from the small intestine Although the 
stomach is capable of absorbing small amounts 
of water and certain food substances, notably 
glucose, and some foreign substances such as 
alcohol, the absorption that occurs there is neg- 
ligible Although absorption of nutrients occurs 
mainly in the small intestine, water and salts 
are absorbed in significant amounts from the 
large intestine 

The mucous lining of the small intestine is 
admirably adapted to its absorptive hinction 
The structure of the epithelium has been de- 
scribed in connection with the discussion of 
intestinal secretion It has been estimated that 
the presence of the villi results in an increase of 
7- or 8-fold in the surface area of the mucous 
membrane of the intestine The microvilli in- 
crease the surface area by another 20-fold (Fig 
2 41) 


Methods for Study of 
Intestinal Absorption 

In acute experiments, one places the mate- 
rial, the absorption of which is to be studied, in 
an isolated loop of intestine and, after a meas- 
ured time, removes it and observes the volu- 
metric or chemical changes that have taken 
place The Thiry or Thiry- Vella loop may be 
used in the same manner In the case of sub- 
stances that can be readily detected in the 
blood, the material can be placed in the intact 
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Fig 2 41 Schematic diagram of the intestinal absorp- 
tive cell (From Trier and Rubin 1965 ) 
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intestine and its absorption estimated by the 
rate of its appearance in the circulating blood, 
in the portal blood, or m the intestinal lymph, 
if the experiment is ol such a nature as to make 
these vessels available 

In man, intestinal absorption can be studied 
by an intubation technique A multilumen 
tube, or two or more separate small polyethylene 
tubes may be used After localization in the 
desired segment of intestine, the material to be 
studied, along with a nonabsorbable reference 
“marker,” is introduced through the lumen of 
the proximal tube at a constant rate Sampling 
IS done through one or more of the distal tubes, 
whose openings are a measured distance from 
the opening of the proximal tube used for intro- 
duction The concentration of absorbable mate- 
rial recovered is compared to the concentration 
introduced, and a correction is made for any 
change in volume as indicated by the change in 
concentration of the “marker ” Polyethylene 
glycol (PEG) and phenol red are commonly 
used as “markers” for such studies 

The development of m vitro techniques for 
the study of excised segments of intestine has 
greatly increased our knowledge in recent 
years A variety of techniques for this purpose 
have been described, all depend upon main- 
taining the vitality of a portion of the intestine 
that has been removed from the body by 
keeping it m contact with oxygenated fluid of 
appropriate composition The preparation can 
be arranged so that the fluid inside the intes- 
tine can be kept separate from that on the out- 
side and the changes m composition of the in- 
ternal and external fluid are used to measure 
the degree of absorption by the mucosa A 
small segment of intestine can also be turned 
inside out, as described by Wilson and 
Wiseman (19t54), and is known as the everted 
sac method The method has the advantage of 
collecting high concentrations of the absorbed 
material m the small volume contained mside 
the serosal lined sac 

Absorptive Fuoctioris of the 
Intestines 

ABSORPTION OF WATER 

The human intestine absorbed about 8 liters 
of wateiy but until recently it has been impos- 
sible to distinguish between the water that was 
secreted into the intestine and water that left 
the Intestine by absorption. Changes observed 


in the volume of water in the intestine do not 
represent total absorption of water but merely 
the difference between the volume of water se 
creted into the intestine and that absorbed 
Since there is reason to believe that water 
moves freely through the intestinal mucosa, it 
IS essential that we know how much water en 
tered the intestine in a given time if we are to 
make an intelligent estimate of the amount 
leaving by way of absorption in the same time 
It has been possible to get around this diffi 
lulty, and to determine accurately the amount 
of water leaving the intestine by absorption in 
a unit of time, by the use of heavy water 
Water containing heavy hydrogen can be 
readily detected in the blood, also, the amount 
remaining in the intestine can be accurately 
measured Since, in a short period of time the 
water secreted into the intestine will be normal 
water, the change in heavy water content repre 
sents water actually absorbed Or if, as m ex 
penments on human subjects, it is not possible 
to determine the amount of water remaining m 
the intestine, the amount of heavy water ap 
peanng in the blood can be used as an estimate 
of the water <ibsorbed 

Scholer and Code (1954) studied absorption 
of water from the human stomach and small 
intestine using heavy water as a tracer They 
found that when 50 g, of water were given, 
2 5^ ( of this amount was absorbed per minute, 
so long as it remained in the stomach When 
the water was placed m the small intestine, it 
was absorbed at about 10 times that rate, 
26 Td of the dose being absorbed per minute 
If the water remained in the stomach, it re- 
quired 34 2 mm to absorb of the adminis- 
tered amount; whereas m the intestine, this 
percentage was absorbed m 3 7 mm In the in- 
testine, 95G of the administered water was 
absorbed in 10 mm In these experiments only 
absorption was measured, and the net volume 
change was not observed, hence, no account 
was taken of the water that might have been 
secreted into the stomach or intestine during 
this same period of time One interesting fact 
brought out in these studies is the extremely 
rapid absorption of water from the intestine 
Another is that there is an appreciable absorp- 
tion of water from the stomach. Considering 
net absorption only, that is, the decrease m the 
volume of intestinal contents, it appears that 
water is absorbed more rapidly from the ter- 
minal ileum than from other parts of the small 
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intestine Most of what remains is absorbed 
from the large intestine, except the rectum 
The movement of water is generally held to 
be passive, determined by osmotic and hydro- 
static pressure gradients, which in turn are the 
result of the permeability characteristics of the 
intestinal membrane, active transport of solute, 
and tissue pressures due to the effects of active 
transport and blood and l 3 miph pressures Ab- 
sorption IS accelerated by an increase in hydro- 
static pressure up to the point where there is 
interference with blood and lymph flow 
In general terms, modern studies treat the 
intestinal membrane as a lipid membrane per- 
forated with water-filled pores, or a series of 
membranes In the model of Curran and 
Schultz (1966), the active transport of sodium 
leads to the absorption of water since sodium is 
concentrated in a continuing compartment, 
which thus establishes an osmotic gradient 
Water follows this osmotic gradient and iso- 
tonic flow ensures 

MONOVALENT ELECTROLYTES 

In considering the absorption of water and 
salt, the porosity of the intestinal membrane 
would obviously influence these movements By 
determining the reflection coefficient (the ratio 
of observed to theoretic osmotic pressure) for 
nonlipid solutes of varying molecular sizes, 
Fordtran and his colleages (1968) have made 
estimates of the “pore” size, and from a study 
of the filtration coefficient (the flow of water 
induced by an osmotic gradient) suggested that 
the “pores” in the jejunum were either more 
numerous or larger than those in the ileum 
Sodium. Sodium is considered to be actively 
transported, i e , absorbed from lumen to blood 
or intestinal fluid against an electrochemical 
gradient The transmucosal potential difference 
of 4 to 8 mV (serosa positive to mucosa) has 
been attributed to this active sodium transport 
Further sodium absorption is accelerated by 
actively transported nonelectrolytes such as 
glucose and some amino acids such as alanine 
Chloride Chloride is believed to follow so- 
dium absorption passively but the situation 
may be more complex In rat jejunum, chloride 
is absorbed more slowly than sodium, in ileum 
at least as fast In man, with perfusion studies, 
Fordtran et al (1968) found in the jejunum 
that sodium was absorbed against a small con- 
centration gradient and influenced by glucose 


In the ileum, sodium was absorbed against a 
sharp gradient, unaffected by glucose In the 
upper small intestine, they concluded that the 
majority of sodium absorption was accom- 
plished by bulk flow along osmotic gradients 

Potassium. Potassium is believed to move 
passively in response to concentration gra- 
dients 

Bicarbonate Bicarbonate has been alluded 
to above, being lower than plasma in jejunal 
contents and high in ileal, and its reciprocal 
relationship to chloride has been commented 
upon The absorption of HCOg' could be sec- 
ondary to the secretion of H+ ion, formation of 
CO 2 and its diffusion from the lumen, or per- 
haps to the double exchange model (Na+ for 
H+, and Cl' for HCOg") mentioned before 

ABSORPTION OF DIVALENT CATIONS 

Calcium Calcium is absorbed in most spe- 
cies in the proximal small bowel by active 
process which involves two steps from the 
lumen into the mucosa, and from the mucosa to 
the underlying tissues Both steps require vi- 
tamin D, and the latter is dependent on oxida- 
tion phosphorylation At present, it is believed 
that vitamin D is converted into its active me- 
tabolite 25-hydroxycholecalciferol by the liver, 
and that this steroid induces the synthesis of a 
calcium-binding protein in the duodenal mu- 
cosa Parathormone plays a facilitory role in 
calcium absorption Calcium is absorbed more 
readily by individuals suffering from a calcium 
deficiency, indicating some control of calcium 
absorption by systemic factors Excess of mag- 
nesium interferes with calcium absorption, as 
does phytic acid (which occurs in cereal grains, 
and which may be responsible for the tendency 
of these grains to produce rickets when fed ex- 
clusively or in excess) 

Magnesium. In man, magnesium is probably 
absorbed along the course of the entire small 
bowel Although calcium and magnesium are 
often thought to share a common transport sys- 
tem, workers have been unable to demonstrate 
magnesium transport against a concentration 
gradient using in vitro preparation of rat intes- 
tine 

Iron. Like calcium, but unlike almost all 
nutrients, the absorption of iron is influenced 
by the body’s needs, and it is held at present 
that the regulator of absorption is the columnar 
epithelial cell of the upper small bowel 
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In (’iosh\ s tninuilation (I'-IGl) the columnar 
cell contains a variable amount ot iron supplied 
l)\ the bod\ stores Tins deposit retaliates 
within limits, the cjuantitv oi iron which can 
entei the intestimii ce'l Part of this accepted 
lion rnav proceed from the cell to hodv stores 
b\ wav of the iron binding fj globulin of the 
plasma (transferrin) <uid pait fi\(‘d in the cel- 
lular cvtoplasrn is slouched at the end of the 
tells life span Within the cell there is an in- 
terplav of iron stored as feint m iion-con- 
tainint en/\mes, and luunotlobin non in two 
mucosal pools diVtilent iron foi tninsport and 
tiivalent ferritin iron which is concerned with 
temporarv storage 

It should he recalled that the hulk of dietary 
non is deiived from hemoelobin and oiganicalK 
complex ed iron of food which must be digested 
to be available tor <ibsorpt ion 

ABSORPTION OF CARBOHYDRATES 

Under the influenc'e of salivary, pancreatic, 
and intestiriid amvlase, the carbohydrates of 
our diet are presented to the upper small bowel 
for absorption mainlv in the form of various 
disacchandes and the monosaccharides glu- 
cose, fuictose, and galactose (ilucose occurs as 
the final product of starch digestion, and as one 
of the two products of hvdrolvsis of sucrose and 
lactose Fructose occurs as a product of sucrose 
digestion, and also m certain natural produces, 
such as some fruits and in honey (lalactose is 
one of the constituents of lactose Other simple 
sugars such as mannose and pentoses are quan- 
titatively unimportant The three simple sug- 
ars, galactose, glucose, and fructose, are all ac- 
tively absorbed from the small intestine, galac- 
tose more rapidly, and fructose less rapidly 
than glucose In addition, some disacchandes 
are also presented for absorption ITese include 
maltose, sucrose, and lactose derived from par- 
tially digested starch and ingested cane sugar 
and milk These, as will be pointed out below, 
are hydrolyzed to their corresponding monosac- 
charide by enzymes contained in the brush 
borders of the intestinal absorptive cell, which 
m general, is impermeable to polysaccharides 
Absorption of Monosaccharides. The 
ability of the intestine to absorb glucose against 
a concentration gradient has been repeatedly 
demonstrated, i e , glucose can be absorbed 
when the concentration of glucose in the intes- 
tinal contents xs lower than the concentration 
m the blood 


It IS interesting to note that although the 
picntoscs are moie diffusible than the hexoses 
the pentoses are absoibcd at a much slower 
rate proving again that the hexoses are actively 
absorbed Whth most sugars, particularly those 
that are not activelv absorbed, the rate of ab 
sorption UK reases with increasing concentra- 
tion in the intestinal contents With glucose 
and g<iLKtose however this is true only up to 
about a b', coni enlrat ion, which for these 
sugars is appioximateiv isotonic with the blood 
Further increase in concentration of these 
sugars fails to me lease or decrease their rate of 
absorption Furthermoie if glucose and galac- 
tose are given simulfaneouslv eacdi suppresses 
the <ihsorption of the other (Uori, 1981) so that 
the tot<il timounl of sugai absoihed is not 
more than would lie absorbed if only one of the 
sugars were prc'sent These facts indicate that 
the meclumisms for active absorption can be 
saturated in a mtinner somewhat analogous to 
the tuhulai maximum for glucose in the renal 
tubules 

(Jiucose IS .ihsorhed much more rapidly from 
the upper tluin from the lowxu small intestine 
Fisher and Ihirsons (1919) have shown that, m 
the rat, there is a linear gradient in the ability 
of the intestine to absorb glucose from the in- 
testinal contents ITe rate of absorption is di- 
rectly proportional to the distance of the seg 
ment in question from the ileocecal valve (Fig 
2 42) 

Using various sc^gments of hamster intestine, 



deo-caecal valve{cm) 


Fig 2 42 Glucose absorption in survtvinq intestine 
Relation between glucose disappearance from inner fluid 
and mean distance of segment from ileocecal valve in 1 
hr experiments (From Fisher and Parsons 1949 Cour 
tesy of Cambridge University Press ) 
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Crane and Mandelstam (1960) have shown that 
the midportion of the small intestine is the site 
for the most active rate of absorption of mono- 
saccharides as glucose Borgstrom and his asso- 
ciates in Sweden (1957) have studied the site of 
absorption of glucose and lactose in the small 
bowel of man They used an intubation tech- 
nique, with polyethyleneglycol as a nonabsorb- 
able indicator substance The subjects were fed 
a test meal containing 55 g of glucose and 20 
g of lactose Samples were then collected from 
various levels of the small bowel, and it was 
found that absorption began in the duodenum 
and was completed by the time the meal had 
reached a level about 100 cm from the duo- 
denum 

As to the specific site of absorption in the 
mucosa, Kinter (1961), using autoradiographic 
techniques, has shown that absorption of glu- 
cose occurs mostly in the upper third of the 
villus Crane ( 1962) has presented evidence that 
the active transport of glucose actually occurs 
across the plasma membrane of the microvilli 
in the brush border 

Absorption of sugars is diminished in the 
presence of sodium chloride deficiency such as 
may occur in adrenal cortical insufficiency, is 
accelerated in h3q3erthyroidism, and is de- 
pressed in hypothyroidism Pantothenic acid, 
thyamine, and pyridoxme, members of the B 
vitamin group, are essential for normal sugar 
absorption 

For optimal absorption of glucose it is neces- 
sary that both sodium and potassium be 
present If sodium is completely replaced by 
potassium, lithium, magnesium, or mannitol, 
active glucose transport ceases If sodium trans- 
port is inhibited by cardiac glycosides, active 
glucose transport is also interfered with It is 
now thought that mechanisms of glucose and 
sodium transport are closely coupled (Crane, 
Miller, and Bihler, 1961) and dependent on 
one another Whether the sodium “pump” and 
the glucose mechanism are the same for entry 
into the cell is not known, however, Bihler, 
Hawkins, and Crane (1962) have suggested that 
two processes, both dependent on sodium, are 
involved in sugar transport T) an entry step 
that IS sodium dependent but requires no en- 
ergy, and 2) an accumulation step, also sodium 
dependent, but which requires energy to main- 
tain a concentration gradient within the cell 
(Fig 2 43) 

In addition to the specific dependence of glu- 



Fig 2 43 Model of mobile earner with two sites one 
specific for substrates and one specific for Na (From 
Crane 1965) 


cose absorption and transport on the Na+ ion, 
it IS now known that there are specific struc- 
tural requirements of the monossaccharide 
molecule for it to be actively transported The 
absorption of a great many naturally occurring 
and synthetic monosaccharides has now been 
studied m relation to the structural configura- 
tion of the molecule To be actively trans- 
ported, the following specific structural require- 
ments of the monosaccharide molecule are 
known 1) The hydroxyl (OH) group at carbon- 
2 must be present and have the same stereocon- 
figuration as exists in d- glucose If the hydroxyl 
group at carbon- 2 is replaced by H (as in 2- 
deoxyglucose), or if the H of the OH group is 
replaced by a methyl group (as in 2-0 -methyl 
glucose), active transport does not occur 2) A 
pyranose (6-membered) ring must be present, 
as in glucose and galactose 3) One or more 
carbons must be attached to carbon-5 The 
structural requirements necessary for the active 
transport of monosaccharides are illustrated in 
Figure 2 44 

From the above, it might be reasoned that 5- 
carbon sugars such as xylose will not be actively 
transported, yet recent data suggests that d- 
xylose is actively absorbed If a monosaccharide 
is a 7-carbon sugar, it may be actively trans- 
ported if it has the specific structural require- 
ments outlined above The hydroxyl group at 
carbon- 1,3,4, or 6 is not essential for active 
transport Thus, phosphorylation which occurs 
at carbons- 1 and -6 is not essential for active 
transport In other words, monosaccharides 
with the necessary specific structural require- 
ments can be actively transported in the ab- 
sence of phosphorylation Fructose is absorbed 
as such by passive diffusion and converted in 
part in the cell to glucose 



2-88 


D I C if 


. (} V 


Section 2 


H OH 
\ / 

c 

H— C— OH 
1 

HO-C—H 
H— C— OH 


1 S-C sugar, D-form 

2 OH at C"2, 

(as in glucose) 

3 Pyranose rmg, 

(6 membered ) 




CH^OH 


4 Methl or 
substituted 


D“ Glucose 


meth! at C-5 


Fig 2 44 The rnitiinuM stuu tiua it'iH (ren.» nts fut I'u 
Httive tfiinspoft t)f (noru)'- at t hiifihes tjy the intestiiu* 
(Ffom Isselbacher aiui Seruor 19h4 < 


Absorption of Disacchandes It has lonjn 
been heheveci that (hsatchancles were* Inciro- 
Ivzed m the lumen ui the small bowel bv disac 
chandases set reted bv the small btwvel into the 
“succus entericiis '' dluTe is now much (wi- 
dence that this is not the case, and that some 
disacchandes are absorbed and h\diolv/c*d 
within the epithelial ceil h\ spetifu intracel- 
lular enz\mes Much of the e\idence m suppoit 
of intracellular hvdrolvsis of disacThandes has 
been due to the work ot Miller and (Vane 
(1961) These investigators incubated inverted 
segments ot hamster small bowel m a sucrose 
solution, and found that glucose accumulated 
m the epithelium to a concentration 20 to HO 
times that m incubating medium This sug- 
gested that the sucrose was hydrolyzed after 
absorption, rather than before In another ex- 
periment, maltose was used m the incubation 
medium but glucose oxidase was added also A 
molecule of maltose results m two molecules of 
glucose on hydrolysis, but m the presence of 
glucose oxidase, the glucose would be oxidized 
and unavailable for absorption if hydrolysis 
occurred prior to absorption Their findings 
were the same as when sucrose was used in the 
incubation medium and glucose accumulated in 
the tissue, m spite of the fact that glucose oxi- 
dase was m the medium Other experimental 
evidence provided by Miller and Crane, in 
support of intracellular hydrolysis of disacchar- 
ides, is their demonstration that practically all 
of the maltase and mvertase activity of the 
small bowel mucosa can be found m the iso- 
lated brush border of the epithelial cells. 


Within tin* pa^t t(*v\ \ears a new clinical en 
ti(\ has heem dt*stiihed in patients who are 
unable tn absojh certain disat c harides The 
condition is now uwoum/ed as an hereditajy 
dw(u t handi inffdfvafn a ( I)ahk]\ ist 1962) and 
is due to tlu* congenital absence o{ cnie or more 
ot the diSiU t bandages nornialh found in the 
mucosa of thc‘ small b(»wc‘l Whem a patient 
with a congenital ahstnue of a disaahandase is 
fc*d tlu eoncNpondmg disacthande he develops 
(hanlu*a with watc r\ stools of low pH, and 
containing Luge amounts of the* disaecharide as 
well as laetu u id Ream wing tlu* specific disac 
chande funn the diet pionipti\ causes the 
N\mpt<nns to disappcsu Due to the mabihtvto 
absorb ceitam diSvUW'hai ides h\ these patients, 
a f/rsa< ( /lunc/e fo/eramr' tv\t can he done to 
dc'inonst rate the disoidcT The test issirnilarto 
the oral glucose* tolerance test and consists of 
gi\ing a loading dose of the disacehande and 
obscTving whether oi not d rise* in the blood 
glucose level occurs I’hc* interpretation of di 
sac'chande tolerance tests must Like into ac 
count the specific itv of tlu* \anous dnsacchan 
dases tluit have hc‘en identditgl in the small 
bowel iniuosa of nuin Dahkpist (1962) has 
listed the specific it v (»f various disac chandases, 
as shown m ILihle 2 11. 

A ('ongenitiil <ibsenct* of lactase without intol 
cTance to maltose or suen^se has lieen observed 
Ireciuentiv Thus condition is usually recognized 
in newborns and infants who are unable to tol 
erate milk Hucrose and maltt^e intolerance are 
usuallv not recognized until later when these 
sugars are introduced into the diet (Vanbina 
(ions of sucTCM" and isomaltose intolerance have 

Table 2 1 1 

Specificity of disacchanddscs isolaiiHf from human intes 
iinal epithelium tiod ihetr quamitative importance for hy 
drolysis of different riij^atcharides 


En/vme 

Substrate 

Activity" 

Isomaltase 

maltase Li 

Isomalt c^e 

' ( 

100 



Maltose 

50 

Invertase 

maltase Ib 

Sucre %e 

100 



Maltose 

25 

Maltaae II 


Malt me 

15 

Maltase HI 


Malte« 

10 

Trehalase 


Trehalc»e 

100 

Lactase 


Lactcfee 

100 



Cellobiose 

100 


From Dahlqvist (1962). 

“Total activity agamst each substrate 
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been recognized From a study of Table 2 11 it 
will be seen that four different maltases have 
been identified Thus, maltose intolerance is 
extremely rare, as it requires the absence of all 
four of these enzymes Such a patient would 
also be intolerant to isomaltose and sucrose 

ABSORPTION OF PROTEIN 

It has been estimated that approximately 225 
g of protein may be absorbed per day by the 
small bowel of an adult man The protein avail- 
able for absorption m the small bowel has both 
an exogenous and endogenous origin To main- 
tain nitrogen balance, a 70-kg man requires 
approximately 50 g of dietary, or exogenous, 
protein per day The source of endogenous pro- 
tein is protein contained in the gastrointestinal 
secretions and the desquamated epithelial cells 
of the gut The protein of the secretions may 
amount to 150 g /day, and that from desqua- 
mated cells 25 to 30 g /day Thus, the exogenous 
dietary protein is considerably diluted by the 
endogenous protein 

Although some absorption of native protein 
and of intermediate products of protein diges- 
tion take place in the small intestine, the 
amount absorbed is insignificant from a nutri- 
tional standpoint The greater part of protein 
m the food is reduced to ammo acids before 
being absorbed Protein absorption is, there- 
fore, essentially ammo acid absorption 

All evidence indicates that ammo acids are 
readily absorbed throughout the entire length 
of the small intestine They are taken up about 
as rapidly as they are produced, consequently, 
only small amounts of amino acids can be 
found at any time m the intestinal contents In 
fact, due to the dilution of exogenous protein 
previously mentioned, Nasset et ah, (1955) 
have shown that feeding a dog a protein meal 
has little effect on the distribution of free 
ammo acids m the intestinal contents that can 
be recovered from the lumen Any excess of 
ammo acids m the portal blood due to absorp- 
tion disappears rapidly Although all the ammo 
acids are rapidly absorbed from the intestine, 
some are absorbed more rapidly than others 
The following list is m the order of rapidity of 
absorption glycine, alanine, cystine, glutamic 
acid, valine, methiomne, leucine, tryptophane, 
isoleucine, norleucine, and isovalme (Verzar 
and McDougall, 1936) 

Mechanism of Ammo Acid Absorption. 

Wiseman (1953) demonstrated that the levoro- 


tatory, or naturally occurring forms of alanine, 
phenylalanine, isoleucine, valine, methionine, 
and histidme are absorbed more rapidly than 
the dextrorotatory isomers, and that the levo- 
forms could be transferred through the mtes- 
tmal wall against a concentration gradient, 
whereas the dextroforms tended to reach the 
same concentration on the two sides of the 
membrane (as did glutamic and aspartic acids) 
This and the fact that there are differences m 
the rate of absorption of ammo acids that are 
not related to their diffusibility, as well as the 
rapid disappearance of ammo acids from the 
intestine, all indicate that there is an efficient 
mechanism for the active absorption of many of 
the amino acids This is further supported by 
the fact that ammo acid absorption is inhibited 
by the absence of oxygen, and by several meta- 
bohc inhibitors (Fndhandler and Quastel, 1955) 
Phlondzm, which interferes with the active 
absorption of glucose, does not interfere with 
active absorption of ammo acids Nevertheless, 
ammo acids are said to compete with sugars for 
the absorptive mechanism, that is, sugars are 
absorbed more slowly from a sugar-ammo acid 
mixture than from a pure sugar solution (Con, 
1931) 

At present, the mechanisms for the transport 
of ammo acids may be classified as follows 1) 
Neutral amino acids (including histadine) most 
efficient and operates at high concentrations 2) 
a mechanism shared by the basic ammo acids 
(ornithine, arginine, and lysine) Cystine may 
use this route m addition to pathway 1 3) An- 
other pathway is shared by proline, hydroxy- 
prolme, sarcosme, N-dimethylglycme, and be- 
taine The first two may use pathway 1 4) Pro- 
line and glycine may have an alternative 
pathway 

A number of neutral amino acids compete 
with each other for the same transport system 
through the cell membrane The a-carbon of a 
neutral ammo acid has four different groups 
attached to it a carboxyl group, an ammo 
group, a hydrogen ion, and a side-chain radi- 
cal, usually referred to as R An alteration in 
any of these groups attached to the a-carbon 
may interfere with the active transport of the 
ammo acid Thus, when the charge on the car- 
boxyl group IS removed by the formation of an 
ester or an alcohol, a compound is produced 
that is not actively transported by the small 
bowel The removal of the charge of the ammo 
group by acetylation, or by replacement of the 
ammo group by a hydroxyl group, also results 
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in an inactive compound The tvhvdrogen also 
has been shown to be essential tor active trans- 
port to cxciir Replacing the a-hcdrogen bv a 
methyl group reduces the rate ot transpoit A 
wide varietv ot side chains or ladicals ina\ be 
attached to the a:-carbon and be actnelv trans- 
ported Thus, the earner svstem lor neutral 
ammo acids is not select i\e in regard to the 
side chain, as long as the side chain does not 
contain a charge II either a negative or positive 
charge is introduced into the side chain, active 
transport is inter lered with 

The levolorms ol the basic ammo acids Iv- 
sine, arginme, and ornithine, aie transported 
at rates of only about one-tenth of that of most 
of the neutral ammo acids Like the neutral 
ammo acids, the basic ammo acids seem to 
share a common, but separate, transport 
svstem Thus, any two of the above-mentioned 
basic ammo acids will inhibit the transport of 
the remaining basic amino acid m the group 
For some unknown reason, evstme, which is a 
neutral ammo acid, appears to share the same 
transport svstem as the three basic ammo acids 
As previously mentioned, the transpoit ot 
substances through the small bowel mucosa 
may involve a number of “steps “ During ab- 
sorption, ammo acids accumulate in the mu- 
cosal cells and their intracellular concentration 
may exceed that m the lumen Thus, entry into 
the cells appears to be the active step With 
accumulation within the cell a tavoiable con- 
centration gradient is created for diffusion out of 
the cell into the portal blood 
Transamination During Absorption Most 
ammo acids are not altered during transport 
through the epithelial cells lining the small 
bowel However, glutamic acad and aspartic 
acid may undergo transamination with pyruvic 
acid so that alanine is produced and released 
into the portal blood Thus, some ammo acids 
are not necessarily delivered to the blood m the 
same form m which they are absorbed In the 
case of glutamic and aspartic acids, if the ab- 
sorption rate is slow, practically all the glutamic 
and aspartic acids undergo transamination to 
alanine, on the other hand, during rapid ab- 
sorption, there is less transamination, and con- 
siderable quantities of glutamic and aspartic 
acids appear m the blood (Neame and Wise- 
man, 1957) It has been suggested that in this 
way the intestinal mucosa can modify an ammo 
acid mixture that is being absorbed from a par- 
ticular meal, reducing the amount of ammo 


acids that are in excess in the digesting mix 
tore and increasing the amount of those which 
are in short supplv and so more nearly meet the 
needs of the organism for specific ammo acids 
Absorption of Peptides, Proteoses, and 
Native Protein Many of the intermediate 
products of protein digestion are soluble in 
water and some are diffusible Thus, the ques 
tion naturally arises as to whether peptides, 
proteoses and peptones niav he absorbed from 
the intc‘stine without being reduced to ammo 
acids l^eptone solutions certainly disappear 
from intestinal loops but this does not prove 
that the peptone is absorbed as such It will be 
recalled that the peptidases of the intestinal 
secretion are believed to he intracellular en 
/ymes, which are not actually secreted, but 
appear in the intestinal contents as a result of a 
breakdown ot shed epithelial cells It seems un 
likelv that peptides could get through the mu 
cosal cell m anv consideiable cpiantitv without 
being reduced to ammo acids by the mtracel 
lular peptidases 

'This same reasoning does not apply to native 
protein, however, which may have escaped 
digestion bv the pepsin of gastric |uice or the 
proteolvtic enzymes of pancreatic luice for one 
reason or another Except for traces of pepsin 
in the Brunner’s gland secretion, there are no 
proteases m the intestinal secretion or m the 
mucosal cells whudi are known to attack native 
protein N«itive proteins are absorbed by the 
small bowel bv a process similar to phagocytosis 
known as pinocx^Umh The absorption of native 
proteins by the process of pinocytosis has been 
demonstrated m the newborn of many mam 
malian species The ability of the small bowel 
mucosa to absorb protein m this fashion disap- 
pears, however, from a few davs to a few weeks 
after birth, depending upon the species The 
mechanism is particularly valuable m those 
species that do not receive a passive immunity 
from the mother through the placenta In these 
species, passive immunity is induced by the 
absorption of immunoglobulins from the colos 
trum 

The adult mucosa, m all mammalian species 
studied, IS very resistant to the absorption of 
native protein except m antigenic amounts 
Thus, it IS not surprising to find that egg al- 
bumin and milk protein can sometimes be 
demonstrated m the blood by immunological 
methods after these proteins have been placed 
m the intestine Absorption of native protein is 
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not necessarily a result of a pathological condi- 
tion of the intestinal mucosa, although the ab- 
sorption may be greatly increased by an inflam- 
matory condition 

ABSORPTION OF FAT 

Dietary fat, consisting mainly of triglycer- 
ides, is insoluble in water, yet manages to be 
absorbed by the intestinal mucosa and appears 
in the thoracic lymph earned there as chylomi- 
crons To accomplish this transfer, complex 
physicochemical reactions take place both in 
the lumen of the gut and in the intestinal co- 
lumnar cell, m which the dietary triglyceride is 
hydrolyzed to monoglycende, fatty acid, and 
glycerol and resynthesized back to triglyceride 
In this process, pancreatic lipase and bile salts 
play critical roles 

Lumen Phase In the upper small bowel 
emulsified triglyceride is acted upon by pan- 
creatic lipase This enzyme acts at the interface 
between the oil droplet of the triglyceride emul- 
sion and the water phase in which it is sus- 
pended The emulsified triglyceride is hydro- 
lyzed at the 1 and 3 position forming 2-mono- 
glyceride and fatty acids 

The monoglycerides and fatty acids then in 
the presence of bile salts form polymolecular 
aggregates termed “micelles,” (already referred 
to in the section on bile salt formation and se- 
cretion) which also contain some cholesterol 
and phospholipid It is from these micellar ag- 
gregations that the lipids penetrate the co- 
lumnar cell As a result, if the intestinal con- 
tents are sampled after a fatty meal, a clear 
and an oily phase can be distinguished Hof- 
mann and Borgstrdm (1966) have shown that 
the heavier clear phase contains fatty acids and 
monoglycende, while the oily layer contains 
some di- and triglycerides 

Penetration phase. The diameter of the 
micelle particles varies from 40 to 200 A It is 
thought that fat in this form is presented to the 
epithelial surface for absorption The exact 
mechanism whereby the fatty acids and mono- 
glycendes penetrate the plasma membrane of 
the microvilli is not known However, the con- 
jugated bile acids in the micellar dispersion are 
not absorbed in the upper small bowel at the 
site of the absorption of fatty acids and mono- 
glycerides The conjugated bile acids are turned 
back to the lumen of the gut and are re-used m 
the formation of new micelles At present, the 
mechanism of penetration is presumed to be by 


diffusion, independent of temperature, and 
nonenergy requiring, and the available evi- 
dence certainly favors diffusion as the primary 
mechanism 

Intracellular phase This phase concerns 
the re-esterification of fatty acids and mono- 
glycerides to restore triglycerides This is ac- 
complished by the migration of monoglycerides 
and fatty acids to the endoplasmic reticulum, 
where fatty acids are activated to the coenzyme 
A (CoA) derivatives and resynthesized to tri- 
glyceride by the acylation of monoglycerides in 
a multi -enzyme complex 

Resyn thesis of fatty acids into triglycerides 
within the epithelial cells has been abundantly 
confirmed Bergstrom and others (1954) found 
that when free oleic acid labeled with was 
fed, 63^c of the fed acid was recovered in the 
lymph as neutral fat When triolein was fed, 
65^ f was recovered m the lymph These authors 
also found that when fatty acids containing 10 
or f^wer carbon atoms were fed, they were ab- 
sorbed by way of the portal blood, where they 
were transported mainly as free fatty acids 
Longer-cham fatty acids were synthesized in 
the epithelial cells into triglycerides and were 
absorbed by way of the lymphatics Kiyasu, 
Bloom, and Chaikoff (1952) also found that 
short-chain fatty acids were transported mainly 
by the portal pathway and long-chain saturated 
fatty acids by way of the lymph Therefore, a 
sort of partition does occur in the intestine 

It is now recognized that one of the major 
functions of the small bowel is the resynthesis 
of triglycerides from fatty acids and monoglyc- 
erides, and packaging them in the form of chy- 
lomicrons The current state of knowledge re- 
garding the intracellular synthesis of triglycer- 
ides has been recently reviewed by Johnson 
(1968) The synthesis of triglyceride requires 
energy which is supplied in the form of adeno- 
sine triphosphate (ATP) from glycolysis or oxi- 
dative phosphorylation In addition, magne- 
sium ions and coenzyme A (CoA) are necessary 
The fatty acids are first “activated” by the 
formation of a CoA derivative, which not only 
makes the fatty acids more reactive, but also 
water soluble As a result of glucose breakdown, 
glycerophosphate is formed The glycerophos- 
phate combines with the activated fatty acids 
to form phosphatidic acid, which after loss of 
its phosphate group becomes a diglyceride 
The diglycerides are then esterified further to 
triglycerides, or converted to phospholipids 
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These e\ents are shown du^TammaticalK in 
Figure 2 45 The direct estentuation ot ab- 
sorbed monoglvcerides to di^lvcendes has been 
suggested, and h<is been referred to as a '4non- 
oglvcende shunt Senior and Isselbacher 
(1962) have obtained eMdence tor the direct 
estentication ot monoghc endes and }ia\e clem 
onstrated the presence ot a monoglvcende lip- 
ase within the epithelial cell llns lipase is 
distinct from pancreatic lipase and can split /j- 
monogiveendes eciualH or e\en more readily 
than a-monoglvc endes It is relativeK inert 
towards cii- and triglvc'endes Thus, it actnatcxl 
tattv acids are not a\aiiahle lor combining with 
monoglvterides, the rnonoglvc endes can be 
hvdrolvzed into ghcerol and a tattv acid It the 
tattv acids are not available tor combining with 
available monoglvcerides, the biosynthesis ot 
triglyceride cvin occur via the o;- glycerophos- 
phate pathway In the resvnthesis process, it is 
now held that the tree glvcerol liberated m the 
intestine is available tor incorporation 
The final step m the synthesis ot tnglvcendes 
by the epithelial c^ells is the formation ot chylo- 
microns tor transport in the lymph The c'hylo- 
microns are covered bv a fine protein surface 
coating, amounting to less than IS ot the 
weight ot the chYlomicron While the triglycer- 
ides are being svnthesr/ed, synthesis ot phos- 
pholipid and protein is also occurring within 
the columnar cell, which, m combination with 
cholesterol esters, forms a /d-hpoprotem which 
IS the coating reterred to There is electron 
microscopic evidence that the chylomicrons are 
extruded from the lateral margins of the epi- 
thelial cells by a process analogous to the pan- 



<reati( secretion ol /vniogen granules Thechy 
lomicrons leave the epithelial cells at about the 
level ol the nucleus, passing into the intercel 
hilar spaces Thev eventually pass across the 
basement memhnine and into the lymphatic 
vessels hv passage between the endothelial 
cells 

Short-chained tattv acids absorbed by the 
epithelial c'clls are passed to the portal blood for 
transport to the liver The late ot glvcerol hy 
droiv/ed in the lumen ot gut during the process 
ot digestion has been debated From early iso 
tope studies. Reiser and his co-workers (1952) 
concluded that glycerol released in the lumen of 
the gut during the process ot digestion was not 
utilized in the resvnthesis ot triglycerides 
within the epithelial cells, but apparently took 
some other metabolic pathway Recently, Saun 
ders and Dawson (1962) have demonstrated 
that, it labeled glvcerol is administered with a 
bile salt -tattv acid mixture, considerable mcor 
poration ot the label into Ivmph triglyceride 
glvcerol occurs Thus, apparently two sources of 
glvcerol are available to the epithelial cell for the 
synthesis of tnglycend(»s, that absorbed directly 
from the intestinal lumcm and that available 
from the conversion ot glucose to glycerophos 
phate Hogben (1960) has pointed out that the 
observed absorption ot tattv acids against a 
concentration gradient may be due to differ 
ences in pH on each side ot the membrane as a 
consequence ot ion transport rather than some 
**active” process which is specific for fatty 
acids 

Site of Fat Absorption, Fat absorption 
takes place most rapidly in the upper intestine, 
particularly m the duodenum and upper je 
junum In man, Borgstrhm and his associates 
(1957) have demonstrated that tat absorbed 
mainly from the upper small bowel-duodenum 
and proximal jeiunum They fed a measured 
quantity of fat m a meal containing a nonab 
sorbable marker, polyethylene glycol, and sam 
pied the intestinal contents at different levels 
By comparing the concentration of intraluminal 
fat to the concentration of polyethylene glycol, 
they were able to calculate fat absorption at 
different levels of the small bowel, and found 
that practically all of the fat had been absorbed 
by the time the meal had reached the distal je 
junum. 

Fat absorption is impaired following bilateral 
adrenalectomy, due to the absence of cortical 
hormones The role of the cortical hormones in 
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fat absorption has not been clarified but it has 
been suggested that they modulate the enzymes 
involved in the synthesis of triglycerides m the 
mucosal cells 

ABSORPTION OF CHOLESTEROL 

Normally, about a half a gram of cholesterol 
IS consumed each day in the diet This dietary 
cholesterol is mixed with 2 to 3 g of endoge- 
nous cholesterol within the lumen of the small 
bowel The source of the endogenous choles- 
terol IS the bile which may contain cholesterol 
in the amount of 1 5 to 2 5 g /day, and from 
desquamated epithelial cells which may contain 
up to half a gram of cholesterol per day Thus, 
the small bowel normally absorbs 2^ 2 to 3 g of 
cholesterol per day Only about one-fifth or 
one -sixth of this amount is represented by the 
dietary cholesterol BorgstrOm (1960) has dem- 
onstrated that cholesterol absorption in man 
occurs at higher rates m the upper small bowel 
than in the lower small bowel He used a cho- 
lesterol labeled with radioactive carbon and 
determined its rate of disappearance from var- 
ious levels of the small bowel It has long been 
known that cholesterol absorption differs from 
fat absorption m a number of important re- 
spects Only 40 to 60*^/ of dietary cholesterol is 
absorbed, as opposed to the absorption of 95^ c 
of dietary fat When radioactive cholesterol is 
administered as a single dose orally, and the 
radioactivity of the venous blood is determined, 
it is found that the peak radioactivity does not 
appear until 2 to 3 days later (Biggs et al , 
1952) When a similar study is done using radi- 
oactive fat, peak blood radioactivity is usually 
found 3 to 4 hr after the oral dose Although 
cholesterol probably enters the intestinal epi- 
thelium at a rate comparable to that of fat, 
once inside the cell, it is accumulated and re- 
leased very slowly This accounts for the delay 
in appearance of labeled cholesterol in the 
blood 

Bile IS essential for cholesterol absorption, 
and pancreatic juice also plays an important 
role Fats in the diet appear to stimulate cho- 
lesterol absorption Vahouny (1958) and co- 
workers found that optimal absorption of cho- 
lesterol occurred from a mixture of fatty acid, 
taurocholate, and cholesterol Fatty acids mark- 
edly stimulate the absorption of cholesterol 
The stimulatory effect of triglycerides may be 
due to the fact that they provide a source of 


fatty acids through the hydrolysis of fat by pan- 
creatic lipase 

Most of the cholesterol in the diet is in the 
form of esters, but in the small bowel these es- 
ters are hydrolyzed by a cholesterol esterase 
present in pancreatic juice Cholesterol esters 
are not absorbed as readily as free cholesterol 
However, once absorbed, cholesterol is again 
esterified, and approximately two-thirds of the 
cholesterol appearing in the 13ml ph is m the es- 
terified form As dietary cholesterol esters are 
being hydrolyzed to free cholesterol, dietary 
triglycerides are being hydrolyzed to mono- 
glycendes and fatty acids Under proper condi- 
tions, these substances (bile salts, phospholipids, 
monoglycerides, and fatty acids) form mixed 
micelles containing free cholesterol The free 
cholesterol within the mucosal cell is esterified 
m major portion and transferred to the lymph 
along with triglyceride, phospholipids, and pro- 
tein in the form of chylomicrons Figure 2 46 
diagrams the current concept of cholesterol 
absorption 


ABSORPTION OF VITAMINS 
The water soluble vitamins are assumed to be 
absorbed by the intestinal mucosa, along with 
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Fig 2 46 Mechanism of cholesterol absorption Ab 
breviations C E ase cholesterol esterase F A fatty 
acids Diglyc diglycerides Monoglyc monoglycerides L 
a-GP L-«-glycerolphosphate P A phosphatidic acid 
(From Treadwell and Vahouny 1 968 ) 
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the other constituents o[ the foods in which 
they occur bv passive ditliwon and b\ the 
mechanisms which facilitate watei movement, 
but this may not be true for folic acid It is 
generally believed that thiamin is less readilv 
absorbed bv older [leople than by young people 
in good health This ma\ be applicable also to 
some of the other vitamins 

Absorption of fat soluble vitamins, \ I) and 
K, probably takes place undei 'the same condi 
tions as the absorption of fat In anv disease or 
dietarv deficiency in which fat absorption is 
inadequate, the absorption of these vitamins is 
apt to be impaired This is demonstrated bv 
the deficient absorption of vitamin K in ob- 
structive jaundice \ deficiencv of this vitamin 
causes inadequate prothrombin production bv 
the liver and a tendenev to hemorrhage This 
situation IS remedied In the parenteral admin- 
istration of vitamin K Absorption of vitamin B 
IS also said to be impaired in the absence of 
bile 

Vitamin A is absorbed chiefly in the form of 
esters of the vitamin A alcohol with fattv acids 
The esters are hvdrolv/ed in the intestinal 
lumen but are re-esterified in the epithelial 
cells This mechanism parallels the one that is 
operative m the absorption of tat, it is not sur- 
prising, therefore, to find that the conditions 
that favor tat absorption also favor absorption 
of vitamin A The presence of bile in the intes- 
tine apparently is necessary for the absorption 
of carotene, a precursor of vitamin A, but not 
for vitamin A itself The absorption of the fat- 
soluble vitamins is adversely effected bv the 
presence m the intestine of unabsorbable oil, 
such as mineral oil 


Intestinal Absorption of Vitamin B„. 

Both passive and active mechanisms exist for 
the absorption of vitamin Bi, The passive 
mechaiiism probably diffusion, occurs 
throughout the entire small intestine, and is 
important only in the presence of pharmacolog 
ical amounts of vitamin B,,, wheiebv approxi 
matelv lb of fiee vitamin B,, is absorbed The 
active mechanism is intrinsic -factor mediated, 
operatic e only in the ileum and of primary 
impoitance in the absoiption of physiological (2 
pg or less) amounts of vitamin B,,, Intrinsic 
factor (IF) a glvcopiotein scxieted bv the pa 
rietal cells of the stomach forms a c omplex with 
the fiee vitamin H,, molecule released from 
food and facilitates the delivery of vitamin Bu 
to specific ileal receptor sites and also protects 
vitamin B,^ from intestinal en/vmatic degrada 
tion and from bacterial utili/ation 'Fhe attach 
ment of the IF-B,. complex to the ileum re 
quires an intact ilc-al reccqitor is pH depend 
ent, and requires the [iresence of divalent cat 
ions ((’a" and/oi Mg ') The nature of the 
IF-B,^ ileal receptor is unknown but it appears 
to he partic'ulate and either a glvcoprotein or 
niucopolysacchaiide The f.itc* of IF once the 
IF-B,j complex attaches to the ileal mucosal 
cell IS unknown, but most cwidence suggests 
that IK IS not absorbed and that the Bi^ is re- 
leased prior to entering the mucosal cell Little 
IS known of the intracellular pathway of the Bu 
molecule but the actual uptake is temperature, 
oxygen, and glucose dependent Once vitamin 
Bij traverses the lining of the intestine, it en 
ters the portal blood bound to a earner serum 
protein which is distinct from IF 



MOVEMENTS OF THE ALIMENTARY 
CANAL 


Disturbances of motility of the alimentary 
canal account for more symptoms of gastroen- 
terological disorders than alterations in absorp- 
tive or secretory mechanisms In fact, most of 
the major diseases of the digestive tract are 
manifested by a disturbance of motor activity 
Dysphagia, vomiting, retching, crampy abdom- 
inal pain, diarrhea, and constipation are exam- 
ples of such symptoms 

Mastication 

The first mechanical process to which the 
food is subjected in its progress through the 
alimentary tract is mastication, or chewing, 
which serves to break down the food particles 
into smaller masses, to enable the saliva to lu- 
bricate and moisten dry food, and to distribute 
the salivary constituents throughout the food 
mass The decrease in the size of the food par- 
ticles IS accomplished by the action of the teeth 
through the movements of the lower jaw The 
moistening is accomplished by the addition of 
saliva to the food, and lubrication is due to the 
mucus secreted by the salivary glands Starch 
digestion in the mouth by the salivary amylase 
IS unimportant, but the presence of food in the 
mouth gives rise to stimuli which serve to ini- 
tiate reflexes that are important m the later 
stages of digestion 

The movements of the lower jaw in chewing 
are brought about by the muscles of mastica- 
tion, which include the masseter, the temporal 
muscles, and the internal and external ptery- 
goid muscles, all of which receive their nerve 
supply from the mandibular division of the tri- 
geminal nerve The buccinator muscle, which 
may also be considered a muscle of mastica- 
tion, IS supplied by the facial nerve Through 
the action of the jaw muscle, the mandible may 
be moved in any one of several directions 
Simple closing of the mouth, as in biting or 
crushing food, is accomplished by the combined 
action of the masseter and temporal and in- 
ternal pterygoid muscles Opening the mouth is 
accomplished by the action of the relatively 


weak digastric and myloid muscles and is aided 
by gravity The grinding movements of the 
molar teeth are accomplished by a rotational 
movement of the jaw This kind of chewing is 
accomplished by the alternate contraction of 
the right and left pterygoid muscles When all 
four pterygoid muscles contract, protrusion of 
the jaw results Retraction of the jaw is accom- 
plished by contraction of the posterior fibers of 
the temporal muscles and the geniohyoid mus- 
cles 

The force of the bite is limited by the sensi- 
tivity of the peridental membrane and not nec- 
essarily by the power of the muscles of mastica- 
tion In man, the molars have been observed to 
exert a pressure in excess of 270 lb The pres- 
sure exerted by the incisor teeth is less, due to 
the lesser mechanical advantage in this loca- 
tion According to Howell and Manly (1948), 
pressure exerted by the incisors ranges from 11 
to 25 kg These authors found a force of 29 to 
90 kg for the molars A dog, when chewing 
bones, may exert a force as great as 165 kg 
(Triska, 1924) 

Chewing may be carried on voluntarily, but 
for the most part it is a reflex act The dual 
nature of the nervous mechanism is indicated 
by the fact that chewing movements may be 
elicited by electrical stimulation of appropriate 
areas of the cerebral cortex 

Deglutition 

Magendie (1847) described the act of swal- 
lowing as occurring in three stages which he 
described as follows “For the better under- 
standing of the subject we shall divide degluti- 
tion into three stages In the first the aliments 
pass from the mouth into the pharynx, in the 
second they pass over the opening of the glottis 
and nasal fossae and arrive at the esophagus, m 
the third they pass through this canal into the 
stomach ” It is convenient to refer to Magen- 
die’s first stage as the oial stage, the second 
stage as the pharyngeal stage, and the third as 
the esophageal stage 
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NEURAL CONTROL 

The Swallowing Reflex The first sta^e of 
bwallovMnf^, like chevvini^, ma\ be initiated \ol 
untariK but is normalK a ictlex action The 
second and third stages ot swallow mg aie en- 
tirelv ln\oluntar^ II one wishes to swvillow 
when the mouth is free of food or foreign mate- 
rial, a little saliva is passed backwards h\ the 
tongue and thus serves as a mechanical stim- 
ulus for the initiation of the second and third 
phases of the act which are puieK reflex It the 
mouth IS kept perfecth fiee of sain a, degluti- 
tion becomes impossible 

Like chewung, swallowing ma\ he produced 
b\ stimulation of appropriate areas of the cere- 
bral cortex or bv stimulation of local leceptors, 
even m the decerebrate preparations The re- 
ceptors for initiation ot the swallowing reflex 
are situated in the vicinitv of the entrance to 
the oral pharvnx m all animals hut are distrih 
uted somewhat differently m different species 
In man, the receptors for the swallowing re- 
flex are distributed in a ringhke fashion around 
the entrance to the oral pharvnx and are found 
in the mucous membrane covering the anterior 
and posterior pillars of the fauces, the tonsils, 
the soft palate, the base of the tongue, and the 
posterior pharyngeal wall According to Pom- 
merenke (1928), the most sensitive areas m the 
human are m the vicmitv of the anterior and 
posterior pillars of the fauces and the tonsils 
The Swallowing Center Coordination of 
the numerous somatic and visceral muscles in- 
volved in the act of swallowing is controlled bv 
a group of neurons in the floor ot the fourth 
ventricle kno wn as the swallowing center, first 
described by Markwald m 1889 He found that 
destruction of the brain substance above anci 
somewhat lateral to the alae cinereae oj[_the 
medulla el m mates the swallowing reflex while 
reavmg^spiration intact Destruction of the 
alae cinereae stops respiration but does not in- 
terfere with swallowing Thus, the swallowing 
center is closely associated with, although dis- 
tinct from, the respiratory center This fact is 
of considerable clinical interest, because in dis- 
eases of the medulla, such as bulbar polio or 
brain tumor, difficulty m swallowing often pre- 
cedes respiratory failure 
fam^vation of the Muscles of Deglutition. 
efteTent nerve fibers involved in the act of 
s'wallcmng are chiefly m the hypoglossal, glos- 
sopharyngeal and vagus nerves. The hypo- 
glossal and glossopharyngeal nerves are chiefly 


(orueined with the huttopharvngeal stage, the 
v<igus with the esophageal stage of swallowing 
The vagus neives supply the striped muscle of 
the esophagus with rnotoi fibers, hence, one of 
the more seiious ccmsectuences of cutting the 
vagi above the ongin of the mam esophageal 
blanches is interference with swallowing The 
stii[)ed rnustle of the esophagus is permanently 
paialv/ed idler a high Viigotomv (eg, m the 
neck) but the smooth muscle of the lower third 
shows some degree of lecoverv, penstalsis m 
this portion ma\ leturn and swallowing may 
again become iiossible In animals such as the 
dog and i abb it in which the entiie esophagus 
IS made up of striped muscle, high vagotomy 
results in permanent inability to swallow Pa 
lithsis of the esophtigus, with the resultant ac 
cumulation oi food and luiuid in the esophagus 
and pharvnx and associated with the loss of 
the sensorv innervation of the larvnx results m 
the aspiration of food and luiuids into the 
lungs, the animal either suffocates or dies of 
aspiration pneumonia Aspinition pneumonia is 
the most common cxuise of death after a high 
vagotomv m dogs 

The striped muscle is directlv innervated by 
the vagus nerv^es, the fibers ending on the 
muscle cells without the intervention of any 
local ganglion cells In the smooth muscle por 
tion, however, there is an extensive local plexus 
including nerve cells and their branches similar 
to the mventeric plexus m other parts of the 
gastrointestinal tract In this part the vagus fi 
bers do not go to muscle cells but end on nerve 
cells within the esophageal plexus 

THE FIRST OR ORAL STAGE OF 
SWALLOWING 

The first stage ot deglutition consists ot pas 
sage of material through the oral cavity into the 
pharynx This stage of swallowing is initiated 
voluntarily With solid food, the act is usually 
preceded by mastication The movements of 
the tongue against the hard palate and the 
cheeks help to form a bolus by moistening and 
mixing the material with saliva, thus softening 
and lubricating the bolus for passage through 
the pharynx and the esophagus After this m- 
traoral preparation, the bolus is maneuvered to 
a position on the posterodorsal surface of the 
tongue Bosma (1957) has described this as the 
“preparatory position,” as he has observed that 
the bolus IS always maneuvered to a constant 
position on the surface of the tongue 
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With the bolus in the preparatory position, 
swallowing is initiated The front portion of the 
tongue is retracted and depressed, the hyoid is 
elevated slightly, mastication ceases, respira- 
tion IS inhibited reflexly, and the back portion 
of the tongue is elevated and retracted against 
the hard palate This latter action of the tongue 
IS produced principally by the myelohoid, styl- 
oglossus and hypoglossus muscles, which force 
the bolus into the pharynx Intraoral pressures 
recorded during swallowing have demonstrated 
that in the anterior part of the mouth near the 
incisor teeth, negative pressure changes as great 
as minus 300 cm of water may occur (Mi- 
yakawa et al , 1957) In the posterior part of the 
oral cavity, positive pressure changes occur due 
to the forceful contraction of the tongue against 
the hard and soft palates Positive pressures as 
great as 100 cm of water are not uncommonly 
recorded in the posterior part of the oral cavity 
during swallowing (Hightower, 1958) 

Disturbances of the first stage of swal- 
lowing Disturbances may be caused by a 
number of conditions Any painful inflamma- 
tory process involving the mouth or tongue inay 
make swallowing difficult Neoplasms of the 
tongue or pharyngeal strictures may obstruct 
the passage of the bolus into the pharynx Pa- 
ralysis of the tongue can interfere markedly 
with swallowing Congenital anomalies of the 
lips, tongue, and palate are commonly asso- 
ciated with difficulty in initiating the act of 
swallowing 

THE SECOND OR PHARYNGEAL STAGE OF 
SWALLOWING 

The contact of material from the mouth with 
the pharyngeal and peripharyngeal structures 
initiate reflexes that complete the second and 
third stages of deglutition Anesthetization of 
these structures inhibit the swallowing reflexes 
The swallowing act, once initiated, is dominant 
over other functions occurring m this area 
Thus, respiration and speech are interrupted by 
the second stage of the swallowing act The 
complexity of the act, and the high degree of 
integration necessary, is appreciated when one 
recalls the timed sequence of events in this 
stage of deglutition and that the second stage is 
completed in less than 1 sec 

Understanding of the second stage of swal- 
lowing will be easier if we keep in mind the 
fact that the alimentary tract crosses the respi- 
ratory tract in the region of the pharynx, so the 


swallowing movements have to serve two quite 
different functions one, to propel the food 
through the pharynx and into the esophagus, 
and the other, to protect the airway, both above 
and below, from the possible entrance of food 
particles Although the propulsive and protec- 
tive mechanisms operate simultaneously it is 
simpler to describe them separately 

When the bolus reaches the base of the 
tongue, its movement is accelerated by a rapid 
downward and backward movement of the 
tongue which takes place at the same time as 
the forward movement of the larynx With the 
entrace of the bolus into the larynx, contraction 
of the superior pharyngeal constrictor occurs, 
initiating a rapid pharyngeal peristaltic wave 
which moves down the pharynx, propelling the 
bolus in front of it The walls and structures of 
the hypopharynx are elevated to engulf the 
oncoming bolus The cncopharyngeus muscle, 
which has kept the esophagus closed until now, 
relaxes as the bolus approaches and allows it to 
enter the upper esophagus The peristaltic con- 
traction continues into the esophagus to be- 
come the primary esophageal peristaltic con- 
traction 

As a result of the combined forces acting on 
it, the bolus moves with such speed that it is 
often projected deep into the esophagus 
Rushmer and Hendron (1951) using cinefluo- 
roscopy to study pharyngeal transport, observed 
that a bolus approached the pharynx with the 
velocity of 9 ft /sec , passing through the phar- 
ynx, it attained a velocity of 19 V 2 ft , 24 ft , and 
28 V 2 ft /sec m successive frames, then slowed to 
12 ft /sec , and finally to 5 ft /sec as it passed 
into the esophagus. These data were obtained 
with the subject in a horizontal position, in the 
erect position, the bolus moved even faster 

We must now consider how the airway is pro- 
tected while the food is passing the pharyngeal 
crossroads It will be recalled that there are four 
possible outlets from the oral pharynx through 
which food may be expelled These are back 
into the mouth, up into the nasopharynx, for- 
ward into the larynx, and downward into the 
esophagus The swallowing reflex has to be so 
coordinated that the food takes only one of 
these possible paths, namely, into the esoph- 
agus Return into the mouth is prevented by 
the position of the tongue against the roof of 
the mouth and the high pressure developed in 
this area Passage into the nasopharynx is nor- 
mally prevented by the combined action of the 
tensor veil palatini and the levator veil palatini 
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muscles which together stihen the soft palate 
and cause it to press against the posterior phai- 
vngeal wall It thus forms a protcctne partition 
between the oral phar\n\ and the nas()phar\n\ 

It these muscles are paraK/ed or if there sIkhiIcI 
be a defect in the soft palate food enters the 
nasopharvn\ and s\\allovcing becomes ex- 
tremely difficult or impossible An important 
factor in preventing entrance of food into the 
respiratory tract during swallowing is the inhi- 
bition of respiration which occurs during the 
second stage of swallowing (Magenduy 1817) 

The laryngeal opening is closed during the 
act of swallowang Iin the approximation of both 
the true and false xcx'al cords In addition the 
epiglottis serves to divert the oncoming bolus to 
one side or the other of the larvnx OnK when 
liquid IS being swallowed m considerable 
volume does the swallowed material c<iscade 
over the end of the epiglottis Most obsercers 
agree that the epiglottis is carried into a hori- 
zontal position b\ the backward movement of 
the tongue and the forward movement of the 
larynx This same (‘ombination of movements 
results in the larynx being drawn up undcT the 
base of the tongue where it is completely out of 
the wav of the oncoming bolus 
Disturbances of the second stage of swal- 
lowing. Disturbances of the second stage of 
swallowing are not unusual Acute pharyngitis 
IS probably the most common cause of painful 
dysphagia of the second stage of swallowing 
Tonsillitis IS another example Pharyngeal pa- 
ralysis IS indicative of serious neurological dis- 
ease and dysphagia developing in poliomyelitis, 
syringomyelia, multiple sclerosis, or after a cer- 
ebrovascular hemorrhage points to bulbar in- 
volvement In these patients, it may be impos- 
sible for the soft palate to be elevated, thus al- 
lowing liquids to be regurgitated through the 
nose The pharyngeal constrictions may be 
unable to initiate the peristaltic contraction 
which empties the contents of the pharynx into 
the esophagus Cranial nerve (glossopharyngeal) 
neuritis also may result m pharyngeal paralysis 
Dipthena is sometimes followed by palatine 
and pharyngeal paralysis 

Mobility of the larynx is essential to the 
second stage of deglutition Any disease prcxiess 
that prevents the larynx from ascending to he 
beneath the base of the tongue causes marked 
dysphagia Neoplasms, such as carcinoma of 
the larynx and thyroid, and infectious condi- 
tions, such as tuberculosis and syphilis, may 


result in fixation of the iarvnx, thus making 
swallowing extrenu'h ditficult 

THE THIRD OR ESOPHAGEAL STAGE OF 
SWALLOWING 

At the junction of the esojihagus with the 
pharvnx above and with the stomach below, 
there exist phvsiulogual sphinctenc mecha 
nisms that effectivelv maintain and separate the 
slight Iv negative intraluminal pressure of the 
esophagus from the positive pressures of the 
phiirvrix and stoniiKh Hxcept during degluti 
tion these esophagcMl sphirutcas are normally 
closed and prevent the aspiration ot air from 
above, or gastric luiee from below, into the 
esophiigus 'Fhev rc‘spond to deglutition bv first 
lelacing and then contracting in a seciuential 
manner with the primarv peristaltic wave as it 
passes over thesc‘ junctiomil zones In de 
scribing the third stage* of deglutition, the 
motor activitv of the esophageal sphincters will 
he considered separate from that of the body of 
the esophagus 

The Upper Esophageal Sphincter The 
pharvngeai junction is characterized bv a short 
zone of high-resting intraluminal pressure m 
the region of the inferior pharvngeai constne- 
ture or cncopharvngeus muscle at the level of 
the cncoid cartilage (Fvke and ('ode, 1955) 
Ihe circular muscle fibers m this area remain 
in a stage of tonic contraction, producing this 
zone of high-resting intraluminal pressure, and 
effectivelv separating the pharvngeai and 
esophageal lummae The zone is approximately 
4 cm in length and usuallv is located between 
15 and 20 cm from the mcisor teeth The 
basal-resting pressure m the high pressure zone 
vanes from 20 to 20 cm of water above atmos 
phene pressure (Pig 2,47) 

When intraluminal pressures are recorded 
from the upper esophageal sphincter during 
deglutition, the pattern of pressure change is 
distinctly different from that recorded from the 
pharynx or upper esophagus (Fig 2,48) Imme- 
diately after the onset of deglutition, usually 
within 0 5 sec , a brief increase m the high 
resting pressure first (xicurs, but this lasts only 
a few tenths of a second, to be followed by a 
marked decrease m pressure below the re&tmg 
basal pressure, and usually negative m compar- 
ison with atmospheric pressure The decrease 
m pressure m the pharyngoesophageal junction 
occurs almost simultaneously with the increase 
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PHARYNGO-ESOPHAGEAL JUNCTION 

PRESSURE I I 



Fjg 2 47 Demonstration of the zone of high pressure at the pharyngoesophageal junction The catheters were 
placed in the esophagus and slowly withdrawn through the upper esophageal sphincter while recording pressure contm 
uously Each centimeter of withdrawal is indicated by the signal and the vertical lines indicate the distance in centime 
ters from the incisor teeth to the tip of each catheter The pull through technique clearly demonstrates the negative 
basal pressure m the esophagus and the zone of high pressure extending from 14 to 17 cm in the upper esophageal 
sphincter (From Hightower 1958) 


in pressure in the pharynx produced by the per- 
istaltic wave resulting from the contraction of 
the superior and middle pharyngeal constric- 
tors These events markedly increase the pres- 
sure gradient from the pharynx across the 
upper esophageal sphincter With the arrival of 
the swallowed bolus at the pharyngoesophageal 
junction, the previously relaxed fibers of the 
upper sphincter contract and propagate the per- 
istaltic contraction and pressure gradient into 
the upper esophagus 

The small initial positive pressure wave ob- 
served in the pharyngoesophageal junction with 
deglutition may be due to an increase in the 
tonic contraction of circular fibers of the crico- 
pharyngeus muscle, or it may be related to the 
elevation of the larynx and increased tension in 
this area The duration of the negative compo- 
nent of the junctional pressure pattern of de- 
glutition IS usually 0 7 to 10 sec , after which 
time the pressure has returned to the previous 
basal level The pressure continues upward, 
however, and a positive pressure wave, forming 
the third componexit of the pattern is observed 
This positive pressure wave represents a contin- 
uation of the pharyngeal peristalsis through the 
pharyngoesophageal junction The maximum 



Fig 2 48 Pressure changes in the upper esophageal 
sphincter during deglutition The proximal catheter is re- 
cording pressure from the lower pharynx the middle one 
from the sphincteric area and the distal one from the 
upper esophagus The sequential appearance of peak 
pressures in each complex from above downward in- 
dicates the passage of the peristaltic contraction from 
the pharynx over the pharyngoesophageal junction into 
the upper esophagus (From Hiqhtower 1958) 


pressure produced by this wave is usually 70 to 
90 cm of water above atmospheric pressure 
The pressure within the junctional zone then 
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returns to its previous basal le\el within Mol 
sec 

Motility of the Body of the Ksophajjus 
Primarv perihtaltu ( (intractiotis pre\i(>usl\ 
described as original in in tlu^ phar\n\ <ind 
passing over the pharMigoesophagea! junction 
continue into the esophagus sweeping the 
bolus onward and maintaining the pressure 
gradient The pressure pattern consists ot <in 
initial negative wave toilowed by three positive 
pressure components tFig 2 49) 'I'he initial 
negative component is of brief duration and 
(K'curs immediatelv after the onset of degluti- 
tion It IS observed more freciuentlv in the 
upper than in the lower esophagus, and is 
thought to be due to the sudden stretching ot 
the closed esophagus bv elevation of the larvnv 
The negative component is followed bv an ab- 
rupt increase in pressure of 10 to 15 cm of 


water The thud (‘omponent consists of a slowly 
imre<ising positive prc^ssure change or else a 
plateau of jiositivt^ pressure is mamtained The 
fourth and most prominent conifionent of the 
deglutition pressure^ pattern is a large* simple 
monophasu jiositivc^ pressure* wave that rises 
rapidly to a peak pressure and dec lines with 
eeiual spcH'd 'The abrupt rise m intraluminal 
pressuH* follovMng the initial negative compo 
nent hiis he‘en attributed to the‘ sudden mjec 
tion of the bolus or lu|uui into the esophagus, 
as it IS observed occur simultaneously at dif 
fcTcnt h'vels of the* csopliagus T1ie gradual in 
crcMsing or piattMu of pressure is related to the 
approaching peristaltic contraction Its duration 
and tune is dire‘clK proportion<d to the depth 
of the rec‘ording catheter in the esophagus The 
large monojihasic jiositive pressure wave that 
ter rnin.it es the (‘oinplex is re^coided as the pens 



2 49, Normal cjegjlutitton pressure complexes recorded from the lower esophagus See text for detatled descrip 
jtipn. The pheumograph is recording respiration Note that respiration was voluntarily stopped at end expiration a few 
se^ds prior to deglutition The myograph records the action potentials of the accessory muscles of deglutition m the 
necK and indicates the precise Onset of swallowing 
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taltic contraction passes over the open tip of 
the catheter 

In man, the rate of propagation of the pri- 
mary peristaltic contraction has been deter- 
mined with the subjects in the horizontal posi- 
tion (Hightower and Salem, 1958) The time 
required for the primary esophageal peristaltic 
contraction to traverse the entire esophagus is 
from 8 to 12 sec As the peristaltic wave de- 
scends the esophagus, its rate of propagation 
becomes progressively slower It has been found 
that the rate of propagation of a primary con- 
traction IS quite rapid in the pharynx and 
upper esophagus Soon after it is initiated, it is 
traveling at a rate of approximately 50 cm /sec 
The rate rapidly decreases, however, as shown 
in Figure 2 50 When the peristaltic wave has 
traveled to a level 25 to 30 cm from the incisor 
teeth, its speed has decreased to about only 3 
cm /sec For some unknown reason, the rate 
then increases slightly as the contraction ring 
approaches the esophagogastric junction After 
reaching the esophagogastric junction, the rate 
markedly decreases again until it is moving at 
less than 1 cm /sec 

In the upright position, liquids travel through 
the esophagus at a speed that greatly exceeds 
the rate of propagation of the primary peris- 
taltic wave This rapid transport is considered 
to be due to the propelling force created by the 
contraction of the pharyngeal constrictors 
during the second stage of deglutition, as well 
as by the action of gravity upon the swallowed 
liquid In the pharynx, near the end of the 
second stage of deglutition, pharyngeal pressure 
IS mounting due to contraction of the pharyn- 
geal constrictors and when the cricopharyngeus 
muscle suddenly relaxes and opens the upper 
end of the esophagus, which has a negative in- 
traluminal pressure, the liquid is then more or 
less squirted into the lumen of the esophagus 
In the upright position, the rapid passage of 
liquid through the esophagus requires only a 
second or two Fluoroscopy demonstrates that 
swallowed liquids usually are arrested at the 
lower end of the esophagus and await the ar- 
rival of the peristaltic contraction before they 
are admitted into the stomach At times, how- 
ever, when a series of swallows occurs rapidly, 
as when drinking a glass of water, the liquid 
may pass on through the esophagogastric junc- 
tion with little pause and enter the stomach 
within a second or two after drinking has 
begun 


Secondary peristaltic contractions are also 
observed in the esophagus These contractions 
arise locally as a result of distention, and pro- 
gress down the esophagus in a manner similar to 
the primary contraction Secondary peristaltic 
contractions produce a pressure wave similar to 
the final pressure wave of the delutition pres- 
sure pattern It is a simple monophasic positive 
pressure wave that rises rapidly to a peak then 
returns promptly to the base line Secondary 
waves are usually of less amplitude than pri- 
mary waves In the normal esophagus, sec- 
ondary peristaltic contractions may be caused 
by local distention by fluid or a solid bolus If 
the primary wave is unable to propel the swal- 
lowed material, secondary contractions origi- 
nate and complete the transport of the sub- 
stance 

Tertiary esophageal contractions also have 
been observed in the esophagus These contrac- 
tions occur irregularly and locally, and are ob- 
served most frequently in the lower esophagus 
in elderly individuals They are not peristaltic 


Rate of Pharyngeal and 
Esophageal Peristalsis 



Fig 2 50 The rate of propagation of primary pen 
staltic contractions in the pharynx and esophagus as de- 
termined in 1 7 healthy adults The number of observations 
at each level is indicated in parentheses The short hori- 
zontal line indicates the distance over which the groups of 
observations were made 
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Their lunctuni is not known Roenti^enoloinc 
all\, the\ ma\ produce a varied putuie with a 
serrated or beaded appearance ui like multiple 
div erticula-like pockets 11ie loent^enoio^ual 
picture ot tertiaiv contiactions iias been re 
(erred to as ‘hurhnp^’ and the corkscrew 
esophafitus ” Lerche (lh-)0) has su^uc'stcal that 
contraction ol the spiral muscular coat ol the 
lower esopha^nis accounts for tlie tertiarv con 
ti act ions 

The Lower Esophageal Sphincter I hob 
ablv no othei area ol the alunentarv c<uial has 
caused more contusion and diverse opinion 
than the terminal (cwv ccmtimeters ol the esoph- 
agus OnK within the past icwv vears have anat- 
omists, phvsioiogists, radiologists and endos 
copists been able to reach some ccannion agree 
rnent and understanding o( the structure* and 
function of the esophagogastric lunction It wms 
ijerche’s (1950) classic studies correlating arm 
tc^mic and radiological obseiv<itions thiit stimu- 
lated reinvest igat ion ol this area Sane he/, 
Kramer, and IngeKinger demonstrated 

that the distal 2 to 5 cm ol the* c‘sophagus has a 
characteristic motor lunction I'hev lound tlmt 
the charactenstu deglutition pressure pattern 
observed in the upper esophagus was not piopa 
gated into the vestibule In addition, these 
same authors later demonstrated that the bodv 
of the esophagus and the vestibule nvut in- 
versely to cholinergic and anticholincagu stirn 
ulation (Ingelfmger et al 1954) 

Fyke, Code, and Schlegel (195()) explored the 
esophagogastric junction ol normal persons 
with a miniature pressure transducer and lound 
a zone ot high pressure similar to that encoun 
tered at the pharyngoesophageal lunction The 
high pressure zone extended Irom about 1 to 2 
cm below the hiatus of the diaphragm to I to 2 
cm above the hiatus The mean resting max- 
imum pressures m this region, expressed as 
centimeters of water above the pressure m the 
fundus of the stomach, were 10 7 at the end ol 
expiration, and 3 5 at the end ot inspiration 
As the peristaltic contraction approaches the 
lower esophagus, the deglutition pressure com- 
plex changes slightly as it reaches the slightly 
dilated or bulbar portion of the terminal part of 
the body of the esophagus known as the am- 
pulla The complex is more prolonged due to 
the slowing of the rate of propagation of the 
peristaltic contraction, and the large positive 
pressure wave terminating the complex tends to 
decrease m amplitude 

With deglutition, the high basal pressure that 


exists in (he csophagugMstru junction decreases 
tt) turm a slow nt‘gativc* wave of 7 to 10 sec 
(iiuatum Him decrease in pressure occurs 
while presMiit* is iiu reusing in the lower esoph 
agus thus greatlv extending the pressure gra 
dient from (lu* lower esofihagus to the esophago 
gastric juniHon I he slow dc'chne m pressure 
is tollovved hv an etpiallv slow increase to form 
a smooth negiitivc pressuie wave This is con 
timud into a smulai slow positive pressure 
Wvive which ^ippeais to occur in secjuence with 
the pt*nst«iltu pussure wave of the lower esoph 
agus lire high pu*ssuie /one ot the esophago 
gastiu junction (‘xtends shghtlv above and 
l)c*Iow till* dmptiragmatu hiatus, and pressure 
changes due to deglutition aie similar in each 
part but <ire of ic*ss magnitude when recorded 
from the segment below the diaphragm than 
from that jiart locatt*d just above the dia 
phragm 

'Fhe lower esophageiil spin lu ter thus relaxes 
leflexlv, as does the* trKopharvngeu^ muscle at 
the pharv ngoesophageal junction, allowing 
esophage<il contents to ht* emptied into the 
sphmctcuic auM h\ the juogressmg high pres 
sure* gnidumt hetwcum the* lower esophagus and 
the sphim ter segment 'The spiuncter then con 
tracts slowlv with lughei pressures m the part 
of the segment above the diaphntgm than in 
that below Idas providi‘s lor ernplving of the 
sjihinrteru segment into the stomach The 
motor function of tlie lower esophageal 
sphincter is distinct and separate from that of 
the bodv of the esophagus, however, the relaxa 
tion and contraction of this sphinct eric segment 
in sequence with the advancing peristaltic con 
traction permits esophageal emptvmg into the 
stomach 

It has been demonstrated recently that the 
lower esophageal sphincter is under the hu 
moral control of both gastrin and secretin 
When small amounts of gastrin are admmis 
tered mtravencHisly or when the antrum is al 
kahnr/ed to release endogenous gastrin, the 
lower esophageal sphincter markedly increases 
its tone Secretin has the opposite effect Pure 
mtravenouvS secretin or acidification of the 
duodenum to release endogenous secretin 
causes a significant decrease m intrasphmctenc 
resting pressure. When gastnn is released to 
produce high rates of HCT secretion, its effects 
on the lower esophageal sphincter thus helps 
prevent reflux of the acid contents of the 
stomach into the esophagus 

Disturbances of Esophageal Motility. Dis 
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turbances of esophageal motility usually result 
in dysphagia, or difficulty in swallowing, w^hich 
may, or may not, be associated with pain 
Some of the more common causes of dysphagia 
will be discussed briefly 

Diffuse spasm of the esophagus produces 
dysphagia which characteristically occurs inter- 
mittently and IS associated with pain In this 
disorder, the esophageal musculature appears to 
be hypersensitive to the stimuli produced by 
deglutition and also by local distention Fol- 
lowing deglutition, long segments of the esoph- 
agus may go into a marked spasm, which pro- 
duces severe substernal pain When esophageal 
intraluminal pressures are measured m these 
patients, deglutition may result in a marked 
distortion of the normal pattern Intraluminal 
pressure may exceed 300 cm of water pressure 

Achalasia results in a progressive dysphagia 
from an inability of the lower esophageal 
sphincter to relax reflexly in response to deglu- 
tition In this disorder, the primary peristaltic 
contractions originate in the pharynx in a 
normal manner, but when they have reached a 
level of the upper esophagus, they become inef- 
fective, weak, and finally fade away Secondary 
contractions often occur due to the local disten- 
tion by retained foods and secretions, but once 
initiated, these contractions move purposelessly 
up and down the esophagus for a short dis- 
tance, then they too disappear Without normal 
propagation of peristaltic contractions, little 
intraluminal pressure gradient is created and 
esophageal transport is markedly retarded As 
the normal motor function progressively fails, 
the retention of solid foods, liquids, and secre- 
tions occur, and this leads to marked dilatation 
and elongation of the esophagus 

Numerous investigators have demonstrated a 
marked degeneration of Auerbach’s plexus, 
especially in the lower parts of the esophagus in 
patients with achalasia The cause of the de- 
generation of the myenteric plexus is unknown 
The unusual sensitivity of the esophagus in pa- 
tients with achalasia to mecholyl supports the 
pathological findings that achalasia is due to a 
disorder of the intrinsic nerve plexuses When 
mecholyl is administered subcutaneously in 
small doses of only 1 or 2 mg , the esophagus 
responds by going into marked spasm (Kramer 
and Ingelfinger, 1951, Hightower, et al , 1954) 
The response to mecholyl has been used as a 
diagnostic test in establishing the diagnosis of 
achalasia 

Scleroderma is an example of a systemic dis- 


ease that may produce dysphagia by interfer- 
ence with the third stage of deglutition The 
primarv disorder of esophageal motility is the 
defective propagation of the primary peristaltic 
contraction due to a myogenic failure Also, 
there is rather marked loss of muscular tone in 
the esophageal wall As m achalasia, sclero- 
derma involves most of the esophagus, and is 
not confined to any particular segment, al- 
though changes are usually more evident in the 
lower esophagus 

Few deglutition pressure complexes reach the 
lower esophagus and those that do are usually 
at low amplitude The esophagogastric junction 
IS also involved in this disease, with a loss of 
the normal high pressure zone With the loss of 
the pressure barrier between the esophagus and 
the stomach, gastroesophageal reflux is a 
common finding Mecholyl does not increase 
esophageal intraluminal pressure in patients 
with scleroderma, as is observed in patients 
with achalasia 

Hiatus hernia is a very common disorder that 
may produce dysphagia due to the anatomical 
alterations of the normal esophagogastric junc- 
tion In these patients, the esophagogastric 
junction is displaced upward out of the dia- 
phragmatic hiatus into the chest When the 
esophagogastric junction is displaced into the 
chest, the high pressure zone is decreased and 
reflux from the herniated portion of the 
stomach above the diaphragm into the esoph- 
agus is a common finding Some degree of 
peptic esophagitis is not at all uncommon and 
this probably accounts for the increased irrita- 
bility and spontaneous contractions frequently 
observed m pressure records of the esophagus 
m patients with hiatal hernia 

Chalasia is a term applied to a relaxed esoph- 
agogastric junction, the esophagogastric junc- 
tion is not displaced out of the diaphragmatic 
hiatus as in hiatal hernia, but there is a de- 
creased high pressure zone within the lower 
esophageal sphincter This permits frequent 
gastroesophageal reflux This condition is 
usually seen in infants but it may occur in 
adults 

Obstruction of the esophagus due to neo- 
plasm or stricture is a common cause of dys- 
phagia In the case of neoplasms, dysphagia 
develops slowly but becomes progressively 
worse Difficulty is usually first noticed with 
solid foods, and later with liquids The patient 
will complain that foods “stick” or “hang-up” 
in the esophagus, and usually he can point to a 



2- 1 04 D i G E S T i O W 


Section 2 


bite that indicates the level ol the lesion Stric- 
tures oi the esopha^s m children are tre- 
quentK due to drinking caustic solutions 

HEARTBURN AND BELCHING 

Heartburn is a paintiil sensation located ret 
rostemallv m the midiine between the \iphoid 
process and the manubrium Its duration is \ai 
table and it mav radiate to the upper abdomen 
the anterior chest walk the jaws and even into 
the arms Heartburn is tiec|uentlv experienced 
bv patients with hiatal hernia and occurs 
during the second halt ot pre^nancv in approxi- 
mateiv f of cases 

Tuttle, Bettarello, and (Irossman (Hldl) 
measured intra-esopha^eal pH in patients who 
complained of heartburn not .issociated with 
belching, and found that the heaitburn was 
associated with a drop in pH to below 1 0 in 
the lower esophagus There was no evidence ot 
disturbed esophageal motihtv when heart bum 
was induced by instilling hydrochloric acid into 
the stomach Siegel and Hendrix (19B1), on the 
other hand, found pam and abnormal esopha- 
geal motility to occur at the same time when 
they perfused acid into the esophagus ot pa- 
tients with esophagitis The cause ot “heart- 
burn” IS still not completely understood In pa- 
tients with esophagitis, the instillation of a 
number ot noxious substances into the esoph- 
agus may cause the distress Abnormal esopha- 
geal motility mav or may not be associated with 
heartburn 

Belching The tendency, after a meal, tor 
small amounts of gas to be expelled from the 
stomach into the esophagus and mouth is expe- 
rienced by most normal persons The gas in 
these instances is, as a rule, simply air which 
has been previously swallowed and it has the 
composition of atmospheric air Aerophagia is 
seen m the nervous type of subject, or m one 
who has some gastric discomfort, he resorts to 
the air swallowing trick m an effort to gain re- 
lief 

In a study of the mechanism of belching 
(McNally, Kelley, and Ingelfmger, 1964), ra- 
diological and pressure recordings were made 
during the distention of the human stomach 
with air Pressures were recorded from both the 
esophagus and the stomach As the stomach 
>Jw^as slowly distended with air there was an ini- 
tfial increase in intregastnc pressure of 2 to 6 
nun of hut no further increase occurred, 
even when up to 1600 ml of air was intro- 


duced Within d nun aftei the stomach had 
been distended with an thev observed that 
sudden equalizations ot ^astru and esophageal 
piessures t(K)k pLice at inconstant and intermit 
tent intervals in their suhiects Cmeradiog 
raphv showed that the sudden equalization of 
gastric <ind eso])ha^eal pressures was associated 
with escape ol an from the stomach into the 
esophagus I suallv within h to 10 sec , a sec 
ondarv esophageal peristaltic wave occurred, 
returned the refluxed air to the stomach, and re 
established the esopluigogiistnc barrier The 
authors retened to this as “simple reflux ” 

I^ressure changes assoc nit ed with belching 
were different from those observed during 
simple leflux When hekhmg occurred, a si 
nuiltaneous pressure spike was recorded from 
the stomach and the esophagus m all subjects 
The pressure spike and the associated belching 
were superimposed on the pattern of simple re 
Ilux Altei the belch, the intraesophageal pres 
sure remained elevated and identical with in 
tragastnc pressure for h to U) sec , until sec 
ondarv esophageal peristalsis emptied into the 
esophagus and retuined esoplnigcxil and gastric 
pressure to their control level 

Gastric Motility 

Before attempting to describe the movements 
ot the stomach, it is desirable to define the ana 
tomical terms that wall he used (Fig 2 51) The 
stomach consists ot a fundu\, a badw and a 
pyloric portion (ant aim) The fundus is that 
portion of the stomacK which, in the human m 
the upright position, lies above a horizontal 
plane passing through the esophageal opening 
The body ot the stomach (corpus ventnculi) 
extends from the fundus to the imisura angu- 
larity on the lesser curvature, and to a corre 
sponding notch on the greater curvature The 
incisura is a conspicuous notch on the lesser 
curvature, which serves not onlv to separate the 
anatomical divisions ot the stomach, but also 
marks the position of a band of smooth musde 
which has a higher degree ot tonus than most of 
the remainder of the gastric muscle and causes 
a narrowing of the gastric lumen at this point 
The pyloric portion (pars pylorica) extends 
from the incisura angulans m the leaser curva- 
ture, and the corresponding notch on the 
greater curvature, to the junction of the 
stomach with the duodenum The pyloric por- 
tion differs from the remainder of the stomach 
m having much heavier musculature 
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A B C D 

Fig 2 51 Diagram showing the position and subdivi- 
sions of the stomach A B and C represent J reversed L 
and steer horn types of stomach respectively D stomach 
of the J-shaped type with the greater curvature lying well 
below the level of the umbilicus Antrum is also known as 
the vestibule 


The cardia is simply the esophageal orifice, 
that IS, the opening between the esophagus and 
the stomach Properly speaking, it refers to no 
anatomical structure, nevertheless, the term is 
often used to refer to the entire region of the 
stomach surrounding the cardia, and in that 
sense it includes the mucous membrane and 
muscle in the immediate vicinity of the orifice 
The pylorus is the opening between the 
stomach and duodenum and, like the cardia, 
refers to no anatomical structure However, the 
term is often used to designate the pyloric por- 
tion of the stomach Likewise, the pyloric 
sphincter is sometimes referred to as the py- 
lorus These usages are incorrect and often give 
rise to misunderstandings The lumen of the 
pyloric portion may be divided into an antrum 
and a pyloric canal The separation between 
these two portions is marked by a sulcus inter- 
medins when this is present The portion to the 
right of the sulcus is known as the pyloric 
canal, and the portion to the left as the pyloric 
antrum The antrum is not a structure but a 
space, nevertheless, the entire pyloric portion is 
often called the antrum in clinical literature 


THE PERIODIC ACTIVITY OF THE EMPTY 
STOMACH 

The smooth muscle of the stomach is seldom 
completely inactive, but its activity increases 
during gastric digestion and periodically when 
the stomach is empty 

Types of Contractions Carlson (1913) rec- 
ognized three types of contractions m the 
empty stomach 

Type I occurs when the tone of the stomach 
IS feeble It consists of single contractions su- 
perimposed on a low tone level The tonus of 
the stomach does not rise between contractions 
and there is always an interval of time between 
the end of one contraction and the beginning of 
the next Each contraction lasts for about 20 
sec and the interval between contractions is 
from Vz sec to 3 or 4 sec When recorded by 
means of a small balloon in the antrum, type I 
contractions produce a pressure change of ap- 
proximately 5 cm of water (Hightower and 
Code, 1950) They occur in both rhythmic and 
nonrhythmic patterns When present rhythmi- 
cally and recorded from the antrum, their rate 
is constant at 3/min Carlson (1912) referred to 
this as the “20-second rhythm It is felt that 
the type I waves of the stomach represent a 
“mixing” type of motor activity One gets the 
impression from balloon- kymo graphic records, 
and also from fluoroscopic observations, that 
this type of motor activity represents a 
kneading of the gastric contents 

Type II contractions occur when the tonus of 
the stomach is strong Cannon (1911a) referred 
to these as “hunger” contractions There may 
be no intervening pause between the contrac- 
tions and each lasts for 20 sec Type II contrac- 
tions may occur also in a nonrhythmic pattern, 
and when they do, their duration is more varia- 
ble, ranging from 12 to 25 sec Pressure changes 
produced by these contractions usually range 
from 10 to 50 cm of water, although at times 
pressures of 100 cm of water are observed 
Type n gastric contractions represent peri- 
stalsis In the antrum, this type of motor ac- 
tivity creates the pressure gradient that effects 
gastric evacuation into the duodenum 

Type III gastric contractions have been de- 
scribed as an “incomplete tetanus ” They are 
usually observed at the end of a period of gas- 
tric motor activity and are followed by a period 
of quiescence They occur rarely in man and 
seldom make up more than 1% of the activity 
observed m motility records The type III con- 
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traction is recorded as an mciease in basal 
pressure lasting 1 to 5 nam with rhythmic type 
II contractions superimposed upon the increase 
m basal pressure From a functional stand- 
point, it IS thought that this type of motor ac- 
tivity represents a change in tonus or decrease 
in diameter of the lumen The increase in the 
basal pressure observed during a type III con- 
traction is usually less than 10 to 15 cm of 
water 

When recorded from man, after an overnight 
fast, antral gastric motilitv records show that 
some type of activity is present approximately 
40^ of the time and this activity is broken 
down as follows type I contractions about 2b ^( , 
type II about 15S, and type III during the 
period of observation Examples of the three 
types of gastric contractions are illustrated in 
Fig 2 52 

DIGESTIVE PERISTALSIS 

As soon as food is taken, the “hunger” con- 
tractions cease, and after a variable period of 
time, they are replaced by digestive peristalsis 
The outstanding characteristic of this type of 
gastric peristalsis is the constancy of its 
rhythm When the stomach contains food, per- 
istaltic waves occur regularly, at a frequency of 
about 3/min in the human, 4/mm in the dog, 
and about 5/m in in the cat Each wave begins 
as a slight circular constriction of some part of 
the body of the stomach The exact point of 
origin varies with conditions, one of which is 
the amount of food in the stomach The con- 
traction appears m the x-ray silhouette as a 
slight indentation on the greater and lesser 
curvatures which travels toward the pylorus, 
becoming deeper meanwhile, until it finally 
ends with a contraction of the pyloric sphincter 
A peristaltic wave takes 1 min , more or less, 
to travel from its point of origin to the pylorus 
Since there are three waves per minute, the 
stomach will usually be occupied by three 
waves at one time, or by four or more if the 
origin is near the fundus (Fig 2 53) If the or- 
igin IS low, only one or two may be seen 

During digestion, the body and fundus of the 
stomach, which serve the reservoir function 
primarily, behave quite differently from the 
pyloric portion (which serves mainly the func- 
tion of mechanical digestion and propulsion) 
The muscle of the body and fundus are rela- 
tively thin and participate to only a moderate 
extent in visible peristalsis It is this portion of 


the stomach that undergoes the greatest 
changes in size and shape, accommodating it 
self through changes in tonus to the volume of 
Its contents 

ELECTRICAL ACTIVITY OF THE STOMACH 

When electrodes are placed on the musde 
layers of the wall of the stomach, a rhythmic, 
cvclical, electrical potential charge can be re 
corded When multiple electrodes are placed in 
the long axis of the stomach it can be deter 
mined that the electrical activity is propagated 
from the fundus to the pylorus This cyclical 
potential charge is due to periodic depolarize 
tion of the cells making up the muscle layers in 
the wall of the stomach and has been termed 
“basic electrical rhythm” (BER) or “pace set 
ting potential” (PSP) (Code and Carlson, 1968) 
The exact site of the “pacemaker” is not 
known but is presumed to be in the fundus 
near the cardia The basic electrical rhythm of 
the stomach is omnipresent, whether or not 
contractions of the wall of the stomach are 
present The cyclical rate of the potential 
change is exactly the same as the maximal rate 
of type I and type II contractions, i e , S/rnin 
in the antrum of man When type I or type H 
contractions occur, a spike or burst of fast elec 
tncal activity occurs which is superimposed 
upon a cycle of BER In dogs, the rate of con 
duction of the BER at the junction of the an 
tmm and body of the stomach is about 05 

TYPES OF WAVES OBSERVED IN 



Fig 2 52 Types of antral motility recorded from 
normal human being Note that the rhythmic rate of type! 
and type II waves is identical at 3/min The type III com 
plex consists of a rise in basal pressure on which is super 
imposed rhythmic type 11 waves (From Code et al '19521 
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Fig 2 53 Serial x-ray photographs of human stomach taken at 2-sec intervals during digestion (From Cole 1917 ) 


cm /sec , while in the distal antrum, the rate is 
2 to 4 cm /sec Thus, conduction is increased as 
the pylorus is approached 

THE GASTRODUODENAL PRESSURE CYCLE 

When a peristaltic wave approaches the pylo- 
rus, the antral pressure increases, usually to 
between 15 and 30 cm of water, followed by an 
increase in bulbar pressure However, the 
bulbar pressure rises more rapidly than the an- 
tral pressure, so that the two reach their peaks 
simultaneously, after which they both fall again 
to basal levels This cycle is repeated, with only 
quantitative variations, with each gastric cycle 
Contraction of the pyloric sphincter usually 
begins near the start of the rise in bulbar pres- 
sure but outlasts the increase in bulbar pres- 
sure 

In fluoroscopic studies, passage of gastric 
contents through the pylorus could be seen to 
begin as the antral wave approached the py- 
lorus but before the elevation in antral pressure 
could be detected Evacuation continued 
through the early part of the rise in antral pres- 
sure but ceased some time during the suc- 
ceeding rise in bulbar pressure (and the sphinc- 
ter ic contraction) Consequently, the time 
during which gastric contents could be seen 
passing into the duodenum could be divided 
into two distinct but continuous phases, one. 


during which only basal pressures served as a 
driving force and resistance at the pylorus was 
low (designated evacuation period “A”), and 
another during which the antral pressure sub- 
stantially exceeded the duodenal pressure and 
the pyloric resistance was rising (called evacua- 
tion period “B” (Quigley, 1943, Quigley and 
Brody, 1950) (See Fig 2 54) 

GASTRIC FILLING 

It IS possible to determine how solid or semi- 
solid food arranges itself within the stomach of 
an animal by marking successive portions of 
the food with dyes or pigments so that they can 
be identified later After the stomach is filled, 
the animal is killed, and the stomach removed 
and frozen, or otherwise fixed, and sectioned 
In this way it has been found that the first food 
eaten lies against the greater curvature in the 
body and fundus of the stomach Successive 
layers lie progressively nearer the lesser curva- 
ture until the last portion eaten is near the 
upper end of the lesser curvature m the vicinity 
of the cardiac orifice Liquids, on the other 
hand, tend to remain near the lesser curvature 
of the stomach and to flow toward the pylorus 
along a V-shaped groove formed by the muscle 
in this region This is the so-called Magen- 
strasse which is evident in some animals, but 
less so in the human In any case, if a large 
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volume of liquid is swallowed, it flows around 
the food mass and tends to be distributed over 
the entire interior of the stomach between the 
food mass and the stomach wail 




contractions of the pars pylorica ( antrum ^ pyloric 
sphincter and duodenum during a single gastric cycle and 
the associated mtralurninal pressure changes Evacuation 
periods A and B are also shown The contraction curves 
were traped front a kymographic balloon water-manom- 
eter record The pressure curves are approximate copies of 
the curves published by Ouigiley and Brody U950) Ver- 
tical lines mark simultaneous points 


CONTROL OF GASTRIC EMPTYING 

A relativek sinaii pad of (he ener^ ex 
pended bv the gastric muscle is utilued in pro 
pellmg food from the stoimuh into the intestine 
through the pvlonc orifice T"he vigor of the 
gastric muscular contraction is such that if it 
were all utilized in propulsion the stomach 
would empty itself within a verv few minutes 
Bv far the greater part of the work is utilized in 
mechanical digestion, serving to macerate the 
food particles and break them up into small 
fragments This work is done largely by the 
pvlonc portion, which in some wavs resembles 
in function the gizzard of birds The powerful 
contractions of the pvlonc muscle drive the 
focxi against the pylorus All hut the small part 
that escapes into the duodenum is forced back 
through a narrow orifice, formed bv the con 
traction wave, into the hodv of the stomach It 
IS this manipulation of the food mass which 
results m its being broken down and mechani 
cally digested m the pvlonc portion of the 
stomach 

The rate at which food leaves the stomachis 
determined by a variety of factors, among 
which are the total volume of the gastric con 
tents, and the consistency, chemical composi 
tion, pH, and osmolar concentration of the 
food Hunt and Spurred (1951) have shown that 
for any individual, and for any type of meal, 
the amount evacuated in a unit of time is a 
function of the volume of the gastric contents 
The effect of consistency on the rate of 
emptying is best seen by comparing the 
emptying of liquids with the emptying of solids 
Inert liquids, which neither stimulate the 
stomach chemically nor osmotically, leave the 
stomach rapidly Water, for example, begins to 
leave the stomach almost as soon as it is swal 
lowed Solids, on the other hand, are not nor 
mally evacuated from the stomach until they 
are reduced to a fluid or semifluid consistency 
Undigested solids are not normally allowed to 
pass the pyloric sphincter but are returned to 
the body of the stomach (Cannon, 1911b) 

The influence of the chemical composition of 
the food on emptying is shown by the relative 
rate of emptying of the three major foodstuffs 
Cannon (1904) showed that for meals of a given 
size, a meal consisting mainly of carbohydrate 
left the stomach more rapidly than one con 
sistmg mainly of protein or fat, and that a pro 
tein meal left more rapidly than a fat meal 
Fat, especially if eaten in large quantities, re- 
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mams m the stomach for a verv long time It is 
not unusual to find food in a dog’s stomach as 
long as 24 hr after a meal consisting largely of 
fat meat 

The osmolar concentration of the gastric con- 
tents has a profound effect upon the rate of 
gastric emptying One of the earliest facts to be 
determined with respect to gastric emptying 
was that physiological saline leaves the stomach 
faster than does salt solutions of either greater 
or lesser concentration Hunt (1956) has shown 
that in human subjects, adding salt to water 
hastened emptying of the water from the stom- 
ach, up to a concentration of about 100 
mEq /liter Above 150 mEq /liter the emptying 
was delayed In this way, he showed that 
making the gastric contents either hypertonic 
or hypotonic with respect to the blood caused a 
delay m emptying This is an important factor 
in the slow emptying of sugar solutions al- 
though, as will be pointed out later, sugar slows 
gastric emptying in another way 

The effect of acid on gastric emptying has 
been the subject of considerable study and ex- 
tensive speculation It is well known that strong 
acid solutions leave the stomach slowly, and 
that the rate of emptying of such solutions can 
be accelerated by neutralizing the acid The 
acidity of the gastric and intestinal contents is 
usually not great enough during digestion to 
affect gastric emptying materially For exam- 
ple, a pH of 3 0 in the duodenum is necessary 
in order to influence the rate of emptying of 
the stomach, but the intestinal contents usually 
have a pH that is well above this level, pH values 
of 4 0 to 6 0 being most common Nevertheless, 
the inhibitory effect of acid on gastric emptying 
has an important function in protecting the 
duodenal mucous membrane against excess 
acidity 

Enterogastrone. The inhibitory effect of fat 
on gastric motility has been known for many 
years and was recognized by Cannon Fat ex- 
erts its effect in the absence of any available 
nerve supply (Farrell and Ivy, 1926) Kosaka 
and Lim (1930, 1933), and Quigley, Zettelman, 
and Ivy (1934) showed that fat inhibition is 
caused by a hormone which Lim (1933) called 
enterogastrone This hormone is released from 
the intestinal mucous membrane by fat or fatty 
acids and some other substances in the duo- 
denum While circulating in the blood, it is 
carried to the stomach, where it has an inhibi- 
tory effect on the gastric muscle 

In summary, we can visualize the events fol- 


lowing a meal approximately as follows gastric 
emptvmg begins as soon as any part of the gas- 
tric contents become fluid enough to pass 
through the pylorus Once started, it proceeds 
rhythmicail} a small amount being evacuated 
about every 20 sec m man Regulation of 
emptying begins as soon as the evacuated ma- 
terial has accumulated m the intestine to the 
point where any one of the numerous stimuli to 
the intestine associated with the chyme reaches 
threshold value These stimuli are comprised m 
the chemical constituents of the chyrnie and to 
some extent in its volume The chemical 
stimuli include the following, listed m the order 
of inhibitory potency in the concentrations m 
which they are usually encountered fats, fatty 
acids, proteoses, peptones, ammo acids, sugars 
and other products of starch digestion, and 
hydrogen ions, also effective are osmotically 
active substances and nonspecific irritants The 
effect of these stimuli is to decrease the tone 
and peristaltic activity of the stomach, thus 
reducing the pressure gradient which develops 
with each gastric cycle and which is responsible 
for the passage of fluid through the pylorus 
With the more powerful inhibitors eg, fat, the 
gradient may be reversed, and duodenal con- 
tents will then be regurgitated into the 
stomach The inhibitory effect is exerted 
through a reflex involving the vagus nerves (the 
enterogastnc reflex) or through a hormone (en- 
terogastrone) released into the blood from the 
intestinal mucous membrane, or both The py- 
loric sphincter plays a part by preventing regur- 
gitation of the duodenal contents into the 
stomach, it also contracts rhythmically m such 
a way that it apparently limits the volume evac- 
uated at each cycle, but as yet there is no evi- 
dence that this function is utilized in regulating 
the overall rate of gastric emptying 

ABNORMAL GASTRIC MOTILITY 

Cardiospasm and pylorospasm are conditions 
in which these sphincter muscles are supposed 
to be in a state of sustained contraction 
Doubtless such abnormalities can occur but 
probably much less frequently than they are 
diagnosed Cardiospasm, for example, could be 
easily confused with loss of power in the esoph- 
ageal muscle or absence of esophageal peri- 
stalsis, likewise, pylorospasm is often diagnosed 
when the true condition is failure of the gastric 
peristaltic mechanism to develop adequate gas- 
tric pressure, e g , following the operation of 
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vagotomy True pylorospasm occurs as a con- 
genital condition in infants who sufler from 
hypertrophy of the pyloric muscle More accu- 
rately, the term pyloric stenosis or hyper- 
trophic pyloric stenosis, should he applied to 
this condition Pylorospasm rareK occurs in 
adults but when present it is associated with 
irritative lesions in the region ol the pviorus, 
either of the duodenum or pvlonc poition of 
the stomach 

VOMITING 

Vomiting IS a reflex which serves to relieve 
the upper gastrointestinal tract of its contents 
This may occur either because the contents are 
irritating, or because the organs themselves are 
more irritable than normally In either case, 
there is an unusual degree of stimulation of 
some part of the tract The most sensitive area 
IS the first portion of the duodenum (Luck- 
hardt, Phillips, and Carlson, 1919), but ade- 
quate stimulation of other parts ol the intes- 
tine, or of the stomach, can induce the reflex 
Even mild mechanical stimulation of the 
pharynx or fauces is effective in most people 
Inflammation of mechanical disturbances in the 
intestine (appendicitis, obstruction, or strangu- 
lation) may induce violent emesis Vomiting 
may be induced by abnormal stimulation of 
sensory receptors m organs outside the gas- 
trointestinal tract, such as the uterus, kidneys, 
heart, or semicircular canals Effective stimuli 
may also enter by way of the eyes, nose or 
mouth in the form of nauseating sights, odors 
or tastes, these give rise to what is called 
“psychic” vomiting It is not unusual for a sol- 
dier to vomit on going into battle, or at some 
time during the battle experience, some people 
vomit at the sight of blood 
Vomiting that is induced by irritation of or- 
gans other than those of the gastrointestinal 
tract IS sometimes referred to as “reflex” vom- 
iting This IS an incorrect distinction however, 
since nearly all vomiting is reflex in origin 
Even psychic vomiting is probably the result of 
conditioned reflexes 

Vomiting may be induced by certain types of 
motion such as seasickness, air sickness and car 
sickness, or the nausea that some people experi- 
ence when in a swing This is probably the re- 
sult of unusual stimulation of the equilibratory 
sense organs of the labyrinth. 

Vomitang Center. The vomiting center 
ttes tti the (tesal part of the lateral reticular 


foimation of the' nuxiulia oblongata close to 
(and to some extent iniludHUi) the tiactussoli 
tans It lies in dost* relation to (but is quite dis 
tinct fiom) the respiratoiv centeis It isoneofa 
constellation of visicn.il centeis in thus situation 
which includes sahvaiv nuclei defecation, and 
vasomotor centeis as well as tlu' vestibular nu 
clei These tonn <i relationship consistent with 
the phvsiological reactions (salivation vasomo 
toi respiiatoiv etc ) associated with the vom 
iting act Ihe vjjvrvnt tihcus are contained 
chietK in the phienus tlu' vagi and the sym 
pathetics hut tiheis are also ( onveved bv spinal 
nerv'es to the abdominal musedes and bv cranial 
nerves to the muscles ot tlu* pharvnx, palate, 
etc The affvjvni impulses leach the center 
along a multitude ot rout(‘s the* ehiet being the 
vagal and svmpathetu fibers ot the stomach 
and abdominal visceni 

"Central” Vimutinv, Xhmuting mav occuras 
a result ot direct stimulation of the vomiting 
center in the medulla Certain substances, such 
apnrnorphine, ipettu {nr emetine), and picro 
toxirie, when .idnunistered iniiiivenouslv, cause 
vomiting through a spec die actum upon the 
center These substances induce vomiting m 
animals when applied direct Iv to the center 
Tvpieal vomiting efforts (retching) follow the 
injection of aponiorphine attei removal ol the 
stomach and intestines 

The central vxmuting caused b\ traumatic 
stimulation of the center due to head injuries, 
increased intracranial pressure, brain tumor, or 
meningeal irritation is most important dim 
cally This type of vomiting is characterised by 
the great force with which the vomitub is 
ejected ("projectile vomitmj^") 'Fhere is also a 
minimum of nausea and a relative absence of 
participation of the voluntarv muscles 
The persistence of pernicious vomiting of 
pregnanCK’ is probably due to increased excita 
bility of the center resulting trom some meta 
bolic disturbance Ordinary morning sickness is 
looked upon as a minor form of this condition, 
and differing from pernicious vomiting only m 
degree Thus, morning sickness merges msen 
sibly into the pernicious type of vomiting A 
neurotic element is also frequently a potent m 
fluence in the development and persistence of 
the condition The usual corrective measures 
are high carbohydrate feeding, the free admin 
istration of fluids, intravenous glucose if neces 
sary, mild sedatives, and rest and quiet 
The Vomiting Movements, Vomiting or 
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emesis usually begins with nausea, which is 
characterized by the secretion of excessive 
quantities of saliva containing a large amount 
of mucus, and certain well-known disagreeable 
sensations In the dog, it has been possible to 
analyze by graphic methods the sequence of 
events in vomiting The first muscular move- 
ment is a strong, sustained contraction of the 
upper small intestine Next, the pyloric 
sphincter contracts, then the pyloric portion of 
the stomach contracts These changes all take 
place during the period of nausea, and result in 
emptying the contents of the upper jejunum, 
duodenum, and pyloric portion of the stomach 
into the fundus and body of the stomach, which 
are relaxed and dilated After this has oc- 
curred, the voluntary muscles come into play, 
and at the same time the lower esophageal 
sphincter, esophagus, and upper esophageal 
sphincter relax Following an inspiratory move- 
ment, the glottis IS closed and the abdominal 
muscles contract in a characteristic jerky 
manner (retching), compressing the stomach 
between the contracted diaphragm and the 
abdominal organs The resulting pressure on 
the gastric contents causes their evacuation 
through the relaxed esophagus 

During the ejection of the vomitus the esoph- 
agus IS relaxed throughout, the glottis is closed, 
the respirations are inhibited, and the larynx 
and hyoid bone are drawn upward and forward 
and are held rigidly in this position The throat 
is thus enlarged to allow free exit for the 
stomach contents, which are prevented from 
entering the nasopharynx by the elevation of 
the soft palate 

Small Bowel Motility 

The major part of the smooth muscle of the 
small intestine is distributed in a thick, circular 
layer and a much thinner, longitudinal layer 
The circular layer is responsible for most of the 
visible intestinal movements The outstanding 
characteristic of the muscle is its rhythmicity, 
which is manifest under appropriate conditions 
by alternate contractions and relaxations at a 
remarkably regular frequency 

RHYTHMIC SEGMENTING CONTRACTIONS 

The more common type of rhythmic contrac- 
tions occurs at regularly spaced intervals along 
a section of the intestine, dividing it into short 
segments, also, they may occur singly, m pairs. 


or in a variety of other arrangements The area 
involved in each segment may be less than 1 
cm In the cat, Cannon (1902) saw a certain 
type of rhythmic contraction in which a section 
of intestine was divided into short segments by 
rings of contractions occurring at regularly 
spaced intervals When the contracted areas 
relaxed, the relaxed areas between them con- 
tracted, dividing each segment into halves The 
two halves of adjacent segments joined together 
to form a new segment (Fig 2 55) Cannon 
described these contractions as segmenting con- 
tractions, and that is the name most commonly 
applied to them at present 

In a study of duodenal motility in man, using 
simultaneous cmeradiographic and pressure 
measuring techniques, Friedman and his asso- 
ciates (1965) observed two types of segmenting 
contractions One type consisted of a contrac- 
tion localized in a segment less than 2 cm in 
length which was most marked on the free or 
external border of the duodenum and was 
therefore eccentric m appearance These eccen- 
tric contractions were observed to occur in two 
or three areas simultaneously or successively 
and were not followed in any sequential fashion 
by contractions in adjacent segments These 
local eccentric contractions rarely succeeded in 
emptying the area of the duodenum completely 
and were not associated with any change in 
intraluminal pressure From a visual point of 
view, they appeared to have a mixing function 
The other type of segmenting contraction 
observed in the duodenum was concentric and 
consisted of a local contraction involving a 
segment usually longer than 2 cm and rela- 
tively uniform circumferentially These concen- 
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Fig 2 55 Diagram representing the process of 
rhythmic segmentation Lines 1 2 3 4 indicate the se 
quence of appearances m a single loop The dot lines rep 
resent the regions of division The arrows show the rela 
tion of the particles (eg a and b] to the segments they 
subsequently form (c) (After Cannon 191 1b) 
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trie segmenting contractions were observed to 
empty the barium from the segment Most of 
the barium leaving the segment was displaced 
distally, although a small amount was occasion- 
ally displaced proximally As the segment re- 
laxed, barium usually refilled the area, re- 
turning from both the proximal and distal adja- 
cent segments The concentric segmental con- 
traction was associated with an intraluminal 
pressure change that produced a positive mono- 
phasic pressure wave on the pressure record 
The frequency of the rhythmic contractions 
varies with the species of animal and with the 
region of the intestine in which they occur For 
example, in the rabbit the contractions occur at 
a frequency of about 20/mm in the duodenum 
and about 10/min in the lower ileum In the 
dog they occur at a frequency of about 18/min 
in the duodenum and 8 to 9/min m the lower 
ileum In man, segmenting contractions occur 
at a rate of 11/min m the duodenum, and m 
the ileum their rate is 8 to 9/min (Figs 2 56, 
2 57) The frequency in other parts of the intes- 
tine IS intermediate between these extremes, 
becoming less frequent as the distance from the 
pylorus increases The frequency is surprisingly 
constant in any one area and is not affected by 
stimulation of the extrinsic nerves or by neuro- 
tropic drugs In excised material the frequency 
vanes with the temperature 
The variation in frequency at different levels 
of the intestine suggested to Alvarez and his 



fTg 2 »6 Segmenting contraevons recorded from the 
dJwdedum of men by meane of balloon-kymographic 
the rhythmic contractions 
ttyps l waves) was n/rntn. (From H,ghtower 1959) 



Fig 2 57 Motility tracing obtained from lower ileum 
in a patient with an iliac stoma A tandem system of bal 
loons was used The proximal balloon record shows short 
bursts of rhythmic segmentation with the rate of con 
tractions being 8/min (From Hightower 1959) 

pupils the idea that there is a gradient m the 
various physiological properties of the intestine, 
activity being highest at the duodenal end and 
lowest at the ileal end of the small intestine 
Among the properties for which a gradient has 
been established are rhythmicity, irritability, 
shortness of latent period, susceptibility to 
drugs, and others of less obvious importance 
(Alvarez and Hosoi, 1929) The most easily ob 
served is the gradient of rhythmicity mam 
fested by the variation m frequency of rhythmic 
contractions (Fig 2 58) 

The studies of Ambache (1947), Bozler (1949), 
and Milton and Smith (1956) have described 
the electrical activity of the intestine as con 
sistmg of slow waves which are frequently, but 
not necessarily, associated with local muscular 
contractions, and rapid, spikehke waves which 
appear only when the muscle contracts The 
slow waves have the same frequency as the 
rhythmic contractions, whether or not these are 
present, and (according to Milton and Smith) 
they are regularly conducted along the intestine 
in an aboral direction 

The electrical activity of the small intestine is 
due to periodic depolarization of the muscle 
cells m the gut wall The BER is thought to 
originate in a “pacemaker'' located near the 
ampulla of Vater m the duodenum The BER is 
propagated down the intestine m the longitu- 
dinal muscle layer The spike potentials occur 
when the circular muscle contracts and they are 
superimposed upon the slow wave activity 



Chapter 9 


Movements of the Afme^tarv Cana/ 2-113 


Gradient of Rhythmicity 

in small intestine 

contractions 
per minute 



Fig 2 58 Diagrammatic representation of the gradient 
of rhythmicity in the small intestine The zig-zag lines are 
stylized representations of kymographic records of the 
contractions and relaxations of segments taken from the 
indicated levels of the intestine The sloping line suggests 
a linear distribution of the gradient however there is no 
direct evidence that this is so 


Bass, Code, and Lambert (1961) have studied 
the electrical activity of exteriorized loops of 
duodenum m trained dogs Intraluminal pres- 
sures were recorded simultaneously to detect 
motor activity They found, like others, that 
cyclical changes in the electrical potential of the 
duodenum occurred This slow cyclical change 
was designated as the basic electrical rhythm 
(BER) In addition, irregular bursts of spike 
potentials were observed to be superimposed 
upon the BER When recorded from one site 
the cyclical changes m the BER were observed 
to be identical with the maximal rate of 
rhythmic type I contractions (18/min) When 
recorded from different levels of the duodenum 
the BER was observed to be propagated down 
the intestine at a rate of approximately 20 
cm /sec The BER was recorded continuously, 
whether or not the intraluminal pressure cath- 
eter indicated the presence of motor activity 
Spike potentials were noted m about one- 
third of the cycles of the BER They occurred 
in bursts of one to three spikes and were always 
located on the descending or negative slope of 
the slow potential change When spike poten- 
tials occurred, they were uniformly associated 
with an increased pressure within the lumen of 
the gut There was also an obvious correlation 
between the number and amplitude of the 
spikes and the magnitude of the increase in 
pressure in the gut, mdicatmg a relationship be- 
tween the number and amplitude of the spikes 
and the strength of the contractions occurring m 
the gut wall 


PERISTALSIS IN THE SMALL INTESTINE 

Stimulation of the intestinal smooth muscle 
causes contractions which tend to travel from the 
stimulated point in both directions However, 
under normal circumstances the progress of the 
contractions in an oral direction is quickly inhib- 
ited and the contractions disappear The con- 
tractions which travel m an aboral direction 
tend to persist, so that the intestine may be 
said to be polarized in the sense that conducted 
contractions travel normally m only the aboral 
direction Such aboraUy conducted contractions 
are commonly described as peristalsis The 
term has been used to describe a variety of con- 
tractile phenomena which have only one thing 
m common, namely the direction of travel The 
common conception of peristalsis as consisting 
of a wave of contraction progressing smoothly 
over otherwise relaxed intestine is erroneous 
Usually the peristaltic movement is superim- 
posed upon the rhythmic segmenting contrac- 
tions in such a way that the two are present 
simultaneously The peristaltic contraction 
makes itself manifest as a rise in the tone level 
of the intestinal muscle, without any interrup- 
tion in the rh3/thm of the segmenting contrac- 
tions, indeed, these are usually increased in 
amplitude at the peak of the wave This has the 
effect of narrowing the lumen of the intestine 
at the point at which the increase in tonus oc- 
curs and it may actually obliterate it As this 
wave of contraction, or tonus, travels down the 
mtestine, it tends to sweep the contents for- 
ward, or toward the distal end of the intestine. 
In another type of propulsive movement, 
rhythmic contractions, although retaining their 
character, recur at successively more aboral 
levels and thus appear to travel along the intes- 
tme as a wave of peristalsis Ordinarily, peri- 
staltic waves appear m the small mtestme at ir- 
regular intervals and travel for varying dis- 
tances (Bayhss and Starling, 1899), some travel 
only a few inches, others a few feet 

In the duodenum of man, Friedman et al 
(1965) observed that some concentric seg- 
menting contractions, instead of remaining lo- 
calized in one area, would move distally over 
the duodenum into the jejunum When these 
peristaltic contractions occurred, pressure 
waves were recorded in a sequential manner, 
from above downward, by the three intestinal 
catheters localized in the duodenum The speed 
of the peristaltic contractions or stripping 
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waves were about 1 cm /sec Figure 2 59 illus- 
trates intraluminal pressure changes occurimg 
in the duodenum with peristalsis 

The Law of the Intestine Bayliss and Star- 
ling (1899, 1901), to whose classical studies we 
owe most of our basic knowledge ot intestinal 
motility, observed that the response of the 
small intestine to local stimuli consists of a con- 
traction of the smooth muscle above and relax- 
ation below the stimulated area ‘"This,” they 
said, “is the law of the intestine ” Since the 
contraction wave and the preceding inhibition 
usually travel down the intestine in an ahoral 
direction from the stimulated point, Bavliss 
and Starling thought that intestinal peristalsis 
might consist simply of a succession of re- 
sponses to stimuli manifesting the law of the 
intestine In their opinion, a particular mass 
might give rise to stimulation lesultmg in con- 
traction above the stimulated point, with relax- 
ation below, and this would cause the mass to 
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Fig 2 59 Duodenal intraluminal pressure changes with 
peristalsis The recording sites designated as proximal 
mid and distal are located at 2-cm intervals The short 
vertical lines indicate the frames of a cine sequence that 
were recorded simultaneously This series of three mono- 
phasic contractions occurring m timed sequence was 
associated with the transport of barium in an aboral direc- 
tion In this patient the peristaltic contraction traveled at 
about 1 cm /sec (From Friedman et al 1 965 ) 



1 cc soap solution 
between balloons 


Fig 2 60 Myenteric reflex in a dog s duodenum 
Water manometer records from two balloons 5 cm apart 
in the lower duodenum Upper record is from the upper 
balloon A stimulus consisting of 2 ml of 2% soap solu 
tion in the intestine between the balloons caused con 
traction above (over the upper balloon) and relaxation 
below (over the lower balloon) the stimulated point 
(Thomas 1955) 


move ahorallv In its new position it would also 
act as a stimulus and again cause contraction of 
the muscle above and relaxation below, again 
being moved bv this to a new, lower level A 
succession of such responses could accordmgto 
them, constitute a peristaltic wave 

Cannon (1912) proposed that the reflex re 
sponsible for the law of the intestine be debig 
nated the mventenc reflex (Fig 2 60) The 
myenteric reflex disappears if the intestine is 
paralyzed by applying such drugs as nicotine or 
cocaine to the serosal surface Pi esumablv these 
drugs penetrate the longtitudmal muscle layer 
and paralyze the underlying nervous mecha 
nism Under these circumstances, the polarity 
of the intestine (Fig 2 6i) is also abolished, 
and contractions initiated by local stimulation 
travel equally well in the oral and aboral direc 
tions Evidently, both the myenteric reflex and 
the polarity of the intestine are dependent 
upon the integrity of the mventenc plexus Of 
course, this does not prove that intestinal po 
lanty is due to the myenteric reflex In fact, 
most observers have failed to find evidence of 
the occurrence of a myenteric reflex m ordinary 
peristalsis in the intestine Although the Roll 
bewegungen or rush waves are usually pre 
ceded by a phase of inhibition, the inhibitory 
phase has been difficult to demonstrate m 
spontaneous peristalsis of the intestine 

THE INTESTINAL VILLI AND THE 
MUSCULARIS MUCOSAE 

The absorbing surface of the small intestine 
IS much greater than the serosal surface because 
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of the superabundance of the mucosa which 
under normal conditions, is thrown into cir- 
cular folds called plicae circulares A still 
greater increase in surface is provided by the 
intestinal uilli These are titlike projections of 
the mucous membrane about 1 mm in length 
which occur everywhere on the mucosal surface 
and which macroscopically resemble the pile on 
a piece of velvet Our interest is these struc- 
tures at this point has to do with the activity of 
the muscularis mucosae, which lies everywhere 
beneath the mucous membrane, following each 
fold, and extending into each villus as a fila- 
ment of smooth muscle fibers In the fasting 
animal, the villi are inactive and lie flat on the 
mucosal surface when first exposed for study 
Covering them with a liquid, such as a solution 
of sugar, salts, amino acids, weak alkalies, or 
even with distilled water, causes them to be- 
come active In the fed animal, activity of the 
villi can be observed without special stimula- 
tion The activity is of two kinds a lashing 
movement and a more or less rhythmical short- 
ening and lengthening These movements ac- 
celerate the flow of blood and lymph and in- 
crease absorption The movements of the villi 
are partly under nervous control, being aug- 
mented by stimulation of the splanchnic but not 
the vagus nerves, and by sympathomimetnc 
drugs They are depressed by atropine and 
nicotine Their activity is also increased by 


Possible Mechanism 
of Polar Conduction 

Rhythmic impulses from pacemaker 



Locally excited impulse 



Contraction due to summation of 
local and transmitted impulses 



Fig 2 61 Mechanism of polar conduction m the in- 
testine suggested by physiological evidence for a pace- 
maker mechanism in the upper intestine The block rec- 
tangles represent excitatory impulses those in the upper 
row presumably arose in the pacemaker and are being 
conducted analward A local excitory process cannot be 
conducted oralward because of the refractive phase fol- 
lowing each conducted impulse from the pacemaker (Tho- 
mas 1955) 


uillikinin, one of the postulated intestinal hoi- 
mones 

DISTURBANCES OF SMALL BOWEL 
MOTILITY 

Disturbances of small bowel motilitv are rare, 
except when due to infections or inflammatorv 
conditions, and m these instances there is in- 
creased motor activitv of the propulsive tvpe 
usually associated wnth diarrhea In some mal- 
absorptive states, such as nontropical sprue 
small bow^el transit time ma> be slow Ab- 
normal motility patterns in the small intestine 
are seen in some nervous and endocrine dis- 
turbances and also in v itamin deficiency Their 
significance when thev occur is not alwavs 
clear Small bowel motilitv ma> be affected by 
intraluminal contents Saline cathartics mark- 
edly increase small bowel transit time due to 
the hyperosmolarity From a clinical stand- 
point, paralytic ileus and intestinal obstruction 
deserve further consideration 

Paralytic Ileus. Although the small intes- 
tine usually shows some degree of activity in 
the intact animal, a dramatic and persistent 
quiet ensues when the abdomen is opened It is 
rare to see activity in the exposed intestine at 
surgery unless stimulating drugs are given 
Abdominal surgery, particularly if it involves 
handling the intestine, is apt to be followed by 
a period of ileus, as the loss of motility is 
termed clinically Peritoneal irritation from any 
cause, including bacterial peritonitis, may 
cause ileus As a rule, recovery is prompt fol- 
lowing removal of the cause but if the condition 
persists for some time it tends to be self-per- 
petuating, due to the paralytic effect of the gas- 
eous distention that usually develops When 
this occurs, removal of the gas through an in- 
testinal tube of the type described by Miller 
and Abbott (1934) may save the patient’s live 
(Fig 2 62) 

The cause of the postoperative ileus is reflex 
inhibition of motility through reflexes from the 
irritated peritoneum m which the splanchnic 
nerves are an essential part of the reflex path 
Cutting the splanchnic nerves prevents the 
ileus 

Intestinal Obstruction Symptoms of in- 
tense severity result when the lumen of the 
small bowel is completely obstructed as a result 
of constriction by an adhesive band, kinking, 
twisting or pressure by new growth, intussusep- 
tion, strangulation by a hernial ring, etc The 
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Fig 2 62 X-ray of abdomen showing Miller- Abbott 
tube m the small intestine 


condition is ushered in by severe cramplike 
abdominal pain, vomiting, and shock 11 the 
condition is not relieved by operation, reverse 
peristalsis arises above the point of obstruction, 
intestinal contents pass into the stomach, and 
vomiting becomes tecal in character Later, the 
bowel above the obstruction loses its tone and 
becomes dilated and filled with intestinal secre- 
tions and gas The loss of fluid in the vomitus 
and the drainage of large quantities of fluid into 
the distended bowel leads to a fall in blood 
chloride, alkalosis, and dehydration The 
former is the result of tissue destruction com- 
bined with impairment of renal function Great 
prostration occurs, ending in death 

Experimental obstruction When the intes- 
tine of an animal is tied across, the symptoms 
which foEow are chiefly weakness, prostration, 
and vomiting The animal shows little or no 
evidence that it is suffering pain The higher in 
the intestinal tract the obstruction is made, the 
more severe are the symptoms, and the shorter 
is the duration of life after the operation Fol- 
lowing obstruction of the colon the animal may 
survive for some weeks, whereas after obstruc- 
tion of the jejunum or duodenum it dies as a 
rule within 5 or 6 days 

The importance of distention as a factor in 
acute obstruction of the intestine is now gener- 
ally recognized, and it has become the practice 
to decompress the bowel by suction-drainage 
through a tube passed from the nose to the 
small bowel and allow it to be carried to the 
level of the obstruction The tube has a double 
lumen and is provided at its tip with a small 


balloon which can be moderately inflated after 
it has entered the duodenum The balloon 
serves as a stimulus to motilitv which carries it 
and the tubing along the bowel to the point of 
obstruction (Fig 2 62) 

THE ILEOCECAL VALVE 

Most textbooks ot anatomv describe the il 
eocecal valve as a slit -like orifice with a mu 
cosal fold above and below on the colonic side 
of the orilice After death, the ileocecal junc 
tion does look like this when the cecum is 
opened at autopsv During life, however, if the 
cecum IS opened during surgery, the ileocecal 
junction will be seen to be an invagination of 
the terminal ileum into the cecal wall, pro 
ducing an appearance remarkably like, in both 
size and shape, the cervix of the uterus ex- 
tending into the vagina The valve can with- 
stand a high pressure in the cecum but yields to 
a low pressure from the deal side Materials 
introduced by enema may m some instances 
pass through the valve into the lower ileum 
The ileocolic opening has been observed in man 
through a cecal fistula It appears as an oval or 
round opening from 2 to 6 cm in diameter sit 
uated in the center of a small papilla When 
tightly closed, the valve was found to offer con 
siderable resistance to the passage of the finger 
While digestion was m progress, the papilla was 
observed to flush, its color altering from a pale 
pink to a vivid red The orifice opened rhyth 
mically at frequent intervals and allowed a jet 
of fluid to escape into the cecum Kmotional 
excitement or the swallowing of food increased 
the frequency of the ejections {gastroileal reflex) 
During fasting, nothing passed through for 
long periods, but in Vi to 4 mm, after food was 
taken into the mouth, fluid appeared m gushes 
of about 15 ml every half minute or so 

Kelley et al (1965) have made pressure 
studies of the ileocolonic junctional zone m dogs 
He prepared his animals by making ileal and co- 
lonic stomas and then measured pressures on 
either side of, and within, the ileocolonic junc- 
tional segment When a water-filled catheter 
tip, for recording pressures, was withdrawn at 
0 6-cm intervals from the colon into the ileum 
of the fasted, conscious animal, a zone of high 
pressure was demonstrated at the ileocolonic 
junction. Mean pressures at the center of the 
junctional area were 20 cm of water above 
ambient The length of the high pressure zone 
was approximately 1 cm 
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The functions of the ileocolic valve appear to 
be 1) to prevent the contents of the ileum from 
passing into the cecum before the digestive 
processes have been completed, and 2) to serve 
as a barrier which prevents the bacteria-laden 
contents of the large bowel from contaminating 
the small intestine 

Large Bowel Wotiiity 

The coion receives the mixed residues re- 
maining after completion of intestinal digestion 
and absorption These consist of undigested or 
undigestible food residues, whatever remains of 
the digestive secretions including considerable 
quantities of water, and the fluid that has been 
swallowed or secreted and has escaped absorp- 
tion in the small intestine The colon extracts the 
water and electrolytes from this mixture and 
forms the indigestible residues into fecal masses 
which are later evacuated The motor activities 
are appropriate to these functions They may be 
divided into two classes first, those that appear 
to be designed primarily to mix colonic contents 
and facilitate absorption, and second, those con- 
cerned principally with propulsion 

COLONIC MOTILITY IN MAN 

Four types of motility waves may be recorded 
with balloon or direct pressure measuring sys- 
tems from the colon of man (Code et al , 1954, 
Hightower, 1959) When balloons are used to 
record colonic motility, they are usually water- 
filled, under low pressure, and small in size, 
with a length of approximately 5 cm and a 
diameter of approximately 3 cm Frequently, 
two or more such small balloons may be used m 
tandem to record colonic motility, being sepa- 
rated by 5 to 7 cm 

Type I waves are small, simple, monophasic, 
positive pressure waves of low amplitude and 
short duration, similar to the same type of wave 
occurring in other parts of the alimentary 
canal The exact function of the type I wave is 
not known but presumably it serves as a com- 
ponent of motor activity which contributes to 
mixing of the colonic contents Type I waves 
usually have an amplitude of 5 to 10 cm of 
water pressure and their duration varies from 5 
to 10 sec When occurring in a rhythmic pat- 
tern, the rate varies from about 8 to 12/min , 
depending upon the site from which they are 
recorded 

Type II waves are similar to type I They are, 


however of much greater amplitude and of 
longer duration These waves are usually 25 to 
30 sec in duration and the amplitude usually 
varies from 15 to 40 cm of water pressure This 
type of activity accounts for the major portion 
of total colonic motility They sometimes occur 
m rhythmical patterns with a rate of about 2 
waves /mm The type II waves are caused by 
the contractions m the large bowel which pro- 
duce the haustra seen bv radiologists Type II 
waves represent, predominantly, a mixing type 
of motor activity, although they may contribute 
to some extent to propulsive motility 

T\'pe III waves are of a complex pattern and 
consists of an increase in basal pressure or a 
change in tonus on which superimposed type I 
or type II waves, or both, appear These waves 
usually last from 1 to 4 min and the pressure 
change in base line tonus is usually less than 10 
cm of water The exact function of the type III 
wave IS not clear but it probably is predomi- 
nantly mixing in its action 

Type IV waves result from the “mass move- 
ment” activity of the colon These waves are 
rarely recorded from a normal individual unless 
the recording is obtained shortly after or during 
the act of eating These waves rarely occur in a 
rhythmical pattern, except in patients with 
chronic ulcerative colitis, and then the rate is 
usually about 1 wave every 2 to 3 mm The 
amplitude of the type IV wave may reach 80 to 
100 cm of water pressure The duration of the 
wave IS characteristically prolonged and lasts 
from 2 to 4 mm Their configuration is rather 
characteristic in that there is a fairly rapid in- 
crease in pressure at the beginning of the wave, 
the peak is reached, and then there is a rapid 
decline for 50 to 60 of the elevation The rate 
of decline changes and becomes much slower, 
producing a prolonged wave See Figures 2 63 
to 2 66 for types of colonic motility waves re- 
corded in man 

The mass movements of the colon serve to 
empty the contents of the proximal colon rap- 
idly into the more distal portions Frequently 
such movements are followed by a desire to 
defecate, and it is assumed that, on these occa- 
sions, the movement has been vigorous enough 
to carry fecal masses into the rectum Since 
normally a desire to defecate does not follow 
every mass movement of the colon, it must be 
assumed that, on some occasions, the forward 
movement of the colonic contents stops short of 
the rectum People differ considerably with re- 
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spect to their susceptibilit\ to the gastiocolic 
or gastroileac reflex 

In normal individuals who have fasted for 8 
to 12 hr , some tvpe of motor activity can be 



rectal motility obtained from a normal individual Short 
bursts of rhythmical type I waves were observed with a 
rate of 1 1/min Distance between vertical lines is 1 mm 
camera speed 0 4 mm /sec (From Hightower 1959) 



Fig 2 64> Type II waves Record obtained from trans- 
verse coilon in a patient with a colonic stoma showing 
type 11 waves The balloons were separated by a distance 
of 7 cm Camera speed and time lines were the same as 
Figure 2 6 3 (From Hightower 1959 ) 



Fig 2 65 Type III waves Record from descending 
colon via colonic stoma Note rise in basal pressure with 
superimposed type II waves Both balloons were recording 
the type III complex indicatinq that a segment of colon at 
leost 7 cm m length was involved in the motility being 
recorded Camera speed and time lines same as Figure 
2 63 (From Hightower 1959) 



Fig 2 66 Type IV waves This type IV contraction 
was recorded from the sigmoid colon of a patient with 
chronic ulcerative colitis Note that pressure exceeded 
100 cm water m the proximal balloon Type II waves are 
present at the left side of the tracings 

recorded from the colon for approximately 35 to 
40‘'f of the period of observation The predomi- 
nant activity IS the type 11 wave and accounts 
for 90 to 95*' r of the total activity Type I wa^es 
usually occur during 1 to 29^ of the period of 
observation, and type III waves, 2 to Type 
IV waves are rarely observed normally and are 
present for less than l^r of the period of obser- 
vation 
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Alterations of Colomc and Rectal Mo- 
tility The effects of emotions on colonic mo- 
tility has been extensivel> studied (Alm> et al , 
1947, 1949a, 1949b, 1950, Grace, Wolf and 
Wolff, 1948, 1951) Discussion of life situations 
which produce emotional conflict resulting in 
feelings of anger, anxiety, apprehension, re- 
sentment, hostility, or guilt cause increased 
motor activity However, when fear, fright, or 
dejection is the predominant feeling of the sub- 
ject, hypomotility has been reported In pa- 
tients with chronic ulcerative colitis^ colonic 
motility records show rather characteristic dif- 
ferences from the normal There is a marked 
increase in the incidence of type IV waves, as- 
sociated with propulsive action leading to the 
expulsion of fecal matter Type I activity is also 
increased There is a significant decrease in 
type II activity and usually a complete lack of 
type III waves Thus, total motor activitv is 
decreased in these patients, due mainly to the 
reduction in the mixing type of motor activity 
At the same time, propulsive motility is in- 
creased 

The Effects of Drugs on Colomc Motility. 
Many drugs influence the motor activity of the 
colon Anticholinergic agents of the quaternary 
amine type are potent inhibitors of colonic mo- 
tility Parasympathomimetic agents, such as 
neostigmine and methancholine, stimulate co- 
lonic motility Neostigmine is particularly 
effective in producing a predominantly propul- 
sive t 3 q)e of motor response Morphine in- 
creases the amount of nonpropulsive motility 
and tends to eliminate propulsive activity 
Morphine also markedly increases the tone of 
the large bowel Most of the so-called antispas- 
modic and spasmolytic agents, when adminis- 
tered by mouth in the recommended thera- 
peutic doses, have little or no effect on motility 
of the large bowel 

DEFECATION 

The rectum is normally empty The fecal 
masses driven forward by the mass movements 
of the colon are stored, not in the rectum, but 
in the sigmoid or pelvic colon Fecal matter 
does not collect elsewhere if defecation is reg- 
ular, however, if defecation is long deferred, 
the descending colon becomes filled when the 
pelvic colon can hold no more The desire to 
defecate occurs when, as a result of a mass 
movement, some feces enter the rectum An 
increase in rectal intraluminal pressure of 20 to 


25 cm of water will usually elicit the desire to 
defecate While the usual stimulus is the taking 
of food, a glass of warm water, a cup of coffee, 
or smoking a cigar or cigarette ma\ have the 
same effect Many people find that a glass of 
cold orange juice, or lemon juice and water is 
an effective stimulus to the gastrocolic reflex 
The desire to defecate may be induced by 
straining efforts, which may raise the abdom- 
inal pressure to as much as 200 mm of mercury 
and force feces into the rectum 

When the rectum is filled with solids (feces), 
liquids, or gas to an extent w^hich raises the in- 
traluminal pressure to 20 or 25 cm of water, 
the desire to empty the rectum is experienced 
The receptors within the wall of the rectum are 
not only able to detect increases in pressure 
(pressorectors) but they can also, with a high 
degree of accuracy, duTerentiate whether the 
increase in pressure is due to feces, liquids, or 
gas The discriminating ability of these sensors 
is relied upon heavily by individuals who risk 
flatulating in a public place In patients with 
infectious diarrhea or proctitis due to ulcerative 
colitis or other inflammatory^ conditions, the 
ability to discern the contents of the rectum is 
frequently lost, and these patients find the risk 
IS too great to relieve themselves of an increase 
in rectal pressure which is suspected of being 
due to gas 

The act of defecation is, m the adult, pre- 
ceded by a voluntary effort consisting of as- 
sumption of an appropriate posture, voluntary 
relaxation of the external anal sphincter, and 
usually, compression of the abdominal contents 
by means of straining efforts These movements 
in turn probably give rise to stimuli which 
augment the visceral reflexes, although these 
originate primarily in the distended rectum As 
a result of these reflexes, a mass contraction 
may involve the entire colon and the internal 
anal sphincter relaxes The mass contraction of 
the colon carries its contents into the pelvic 
colon, which in turn transfers them into the 
rectum, eventually to be evacuated by way of 
the anus, hence, the entire distal colon from 
the splenic flexure to the anus may be emptied 
at one time A prominent mechanical feature of 
the final act of evacuation is contraction of the 
longtitudinal muscle of the distal colon, which 
IS more pronounced in the rectum itself The 
shortening of the distal colon tends to elevate 
the pelvic colon and obliterate the angle which 
it normally makes with the rectum This 
straightening of the passage doubtless facili- 
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tates evacuation Shortening oi the rectum it- 
self IS an important factor in expelling the feces 
through the anal orifice 

The act of defecation piovides another in- 
stance of a reflex that is under some degree of 
voluntary control The voluntary regulation 
consists of the ability to inhibit the leflex under 
normal circumstances and to initiate it volun- 
tarily, provided the necessary visceral stimulus 
(recent distention of the rectum) is present 
Reflex centers for defecation have been located 
in the hypothalamus, in the lower lumbar and 
upper sacral segments of the spinal cord, and in 
the ganglionic plexus of the gut The intrinsic 
intestinal plexus of the lower colon is able to 
take over the function of controlling defecation, 
even in animals in which the spinal cord has 
been destroyed For this reason, in severe 
spinal injury the defecation reflex suffers less 
than does, for example, the reflex of micturi- 
tion 

The Composition of the Feces According 
to Cantarow and Schepartz (1954, p 276), 
adults on an average diet excrete from 75 to 
170 g of feces daily, about 25 to 30^ ^ of which 
IS made up of solids, the remainder is water If 
the diet is rich m vegetables the quantity is 
greater, especially if the vegetables are eaten 
raw Bacteria comprise about one-third of the 
dry weight of the feces under average condi- 
tions The pH IS 7 0 to 7 5 The feces contain 
those inorganic substances which are relatively 
insoluble at alkaline pH ranges, such as calcium 
phosphate and oxalate, iron phosphate and 
similar compounds The organic material is 
principally cellulose, protein, and fats About 
half the protein nitrogen of the feces is of bac- 
terial origin, the remainder represents unab- 
sorbed intestinal secretions and digested fluids, 
mucus, and desquamated epithelial cells from 
the mucosa Only a small amount is actual food 
residue Enzymes are also present but in very 
small quantities, these are pancreatic amylase 
and trypsin, nucleases, maltase, sucrase, lipase 
and lysozyme Fats comprise 5 to 25^ of fecal 
solids under normal circumstances They are 
greatly increased in conditions in which there is 
interference with pancreatic or biliary functioii 
In the total absence of pancreatic juice from the 
intestine, as much as 90fc of the ingested fat 
may be excreted in the stools Much of the fecal 
fat has undergone digestion, as indicated by 
the average composition of fecal 


lipids neutral fat 7 db of dr\ weight of feces, 
free fdttv acids, 5 b' , and soaps 4 6' r 

The color of the fetes is due chiefl> to bile 
pigments, stercobilin (urobilin), which is pro 
duced b\ reduction of bilirubin bv the intes 
tmal bacteria The characteristic odor is due 
largely to indole and skat ole, but is contributed 
to also b\ hvdrogen sulfide and other odorif- 
erous substanc es 

Gas m the Intestine A variable amount of 
gas IS alwavs found in the large intestine Gas 
IS seldom observed in the small intestine Intes- 
tinal gas consists of oxygen, carbon dioxide, 
nitrogen, methane, hvdrc'gen, and small 
amounts ot other gases including the rare at 
mosphenc gases Ihe average c'omposition ac- 
cording to Pogrunci and Steggerda (1948) is as 
follows carbon dioxide, 7 5G , oxvgen, 3 05, 
methane, hvdrogen and other rare gases, 9 55, 
and nitrogen, 805 The source of the oxygen, 
nitrogen, and carbon dioxide is swallowed air 
and diffusion from the blood Bacterial termen 
tation and putrefaction of food residues in the 
intestine produce the methane and hydrogen 
No matter what the composition ot swallowed 
air may be, it quu kly comes into ecjuilibrium 
with the venous blood with respect to oxvgen 
and carbon dioxide, and more slowly with re- 
spect to nitrogen, hence, the relative constancy 
of composition of intestinal gas with respect to 
these gases The amount of putrefactive gas is 
much more variable It is the rapid expansion 
of these gases that gives rise to intestinal 
cramps on ascending to high altitudes in an 
unpressurized plane Some of this gas is ab 
sorbed into the blood and some escapes from 
the rectum as flatus The amount in the intes 
tine can be reduced by giving the vsubject pure 
oxygen to breathe 

ABNORMAL COLONIC MOTILITY — 
CONSTIPATION 

The most frequent manifestation of malfunc 
tion of the large intestine is constipation For a 
discussion of the various causes and the treat- 
ment of this condition, appropriate clinical 
texts should be consulted It may be mentioned 
here that one of the most frequent causes of 
chronic constipation is neglect of the call to 
stool The desire to defecate is experienced 
whenever the pressure within the rectum is in- 
creased An increase in the volume of the con- 
tents of the rectum of from 15 to 25 ml has 
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been shown to be sufficient to produce an urge. 
If the rectum is not emptied at such a time, the 
sensory mechanism becomes adapted to the 
pressure and the urge is no longer felt; it then 
requires further increase in volume with a cor- 
responding increase in pressure to produce a 
sensation. This will also pass if neglected and a 


still further increase in volume is required to 
arouse a sensation; finally the irritability of the 
rectum is so reduced that an urge is no longer 
induced. Usually the subject will then take a 
cathartic which further injures the sensory 
mechanism. Frequent repetition of this cycle 
results ultimately in dependence on cathartics. 
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/THE CARDIOVASCULAR SYSTEM 


The blood transport s\stem functions to dis- 
tribute and to collect blood from diffusion sites 
within the bodv It operates within definite 
limits of pressure and flow required fur ade- 
quate perfusion of organs and tissues Complex 
control mechanisms govern the acti\ities of its 
various parts and their functional interrelations 
with body tissues 

The adult mammalian heart consists of two 
fluid pumps in series, the right heart suppKing 
blood to the lung circulation, and the left heart 
to the remainder of the bod> (systemic circula- 
tion) Exacting equalization of the output of 
these two pumps is required to maintain the 
disparate blood volume distribution between 
these two circulations which is compatible with 
life This coordination must be accomplished 
despite increases m total cardiac output which 
can amount to 500*^0 or more as cardiac output 
adjusts to body needs {eg, rest vs exercise) 

The vascular system is an enormous network 
of viscoelastic tubes Through serial bifurca- 
tions the single outflow vessel from the left ven- 
tricle divides m the mesenteric vascular bed 
alone into more than two billion channels with 
a total cross section over one thousand times 
greater than the parent vessel, these then reiom 
in repeated confluences forming the two venae 
cavae which return the blood to the right heart 

The vascular system can be classified into 
three general types of vessels with different 
functions the arteries, a distributing system, 
the microcirculation, a diffusion and filtration 
system, and the veins, a collecting system 

The grossly visible distributing arteries carry 
blood to the microcirculation (vessels less than 
100 fi in diameter), which includes the capillary 
beds (actual diffusing portion) From here 
blood flows into the collecting venous system 
(see Figs 3 1 and 3 2) 

The blood moves through each segment of 
the branching and reuniting vascular network 
in equal volume flow along a progressively \ de- 
creasing pressure gradient (Fig 3 2A, B, and 
C) m both the pulmonic and systemic circuits 
The beginning and end of each circuit is the 


heart, which, through mechanical work and 
one-wav valvular action, provides the energv re- 
quired to maintain the pressure and flow gradi- 
ents 

The level of arterial blood pressure main- 
tained must be sufficient to insure adequate 
perfusion of the microcirculation bed against 
the forces of gravitv (upright posture) accelera- 
tion, and deceleration (inertial effects), me- 
chanical distortion and pressures on distrib- 
uting arteries and the tendencv for some ves- 
sels to close altogether owing to their own wail 
tension The biological significance of differing 
blood pressure ranges characteristic of various 
species has not been svstematicallv analvzed 
Howev er, certain correlations can be cited For 
example the resting svstemic mean arterial 
pressures at heart lev el decrease from giraffe to 
ox to man (219, 135, 90 mm Hg, respectivelv) 
m proportion to the characteristic distance of 
the brain above the heart (160 64, 34 cm res- 
pectively) in the erect posture (Patterson et al , 
1965b) The mean arterial pressures at brain 
level in these three species (obtained bv sub- 
tracting a correction for pressure exerted by a 
column of blood equal to the heart-bram dis- 
tance), would be less disparate (100, 88, 65 
mm Hg, respectively) (see Fig S3 A and B) 
Birds, subject to marked alterations in gravita- 
tional, accelerational, and decelerational effects 
associated with flying, have, as a class, higher 
arterial pressures than mammals FinalK, in 
mammals and birds the pulmonic circulation, 
protected from mechanical effects in the rigid 
thoracic cage and situated at all times close to 
heart level, operates at a mean arterial pressure 
about one -seventh that of the large svstemic 
arteries 

There is also an interesting relation between 
plasma colloid osmotic pressure and blood pres- 
sures characteristic of various species (Figs 3 4 
and Table 3 1) 

The microcirculation consists of a system of 
small arterioles which lead blood into the capil- 
laries, where diffusion and filtration take place, 
and small venules which carry the blood into 
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Pressuie ^ladients t\pi(al oi the human cir 
culaton svstem are diajjiammed m Figure 3 2C 
and d 7, volume flow in Figure d 2d, and blood 
flow velocity in Figure 2 2B A tabulation of 
blood velocitv in the svstemic circuit is given in 
'Faille ^ 1 

Fhiet among the hemodvnamic features of 
the caidiovascular system are those determined 
h\ the mechanic *il relations between the pres 
sure flow gradients, blood volume distribution 
and capacity, and complianc'c and flow resist 
ance of the vessels in different segments of the 
cnrculation In simplest terms flow, pressure, 
and resistance aie related as follows 

Volume flow ( F) fVessure gradient (A P) 
Resistance {R) 

The equation A/VH or AP ~ VR is anal 
ogous to Ohm’s law of electrical circuits / = 
E/R or E - IR 

Among the mechanical factors which deter 
mine resistance to flow are the length and total 
cross-sectional area of the conduits, i e , 


Fig 3 1 Styii?ecj block diagrams of the circulatory 
system A schema of the circulatory system includinq the 
major vascular components (heart arteries microcircu 
lation veins) which distribute to and collect blood from 
the tissues The special circulatory beds to be discussed 
separately are indicated and the relationship to the lym 
phatic collecting duct system represented Solid lines de 
pict arteries and veins arrowheads show the direction of 
flow and shaded blocks indicate the microcirculation (ar- 
terioles capillaries and venules) Approximate percent 
ages of cardiac output going to the various circulatory 
beds are indicated near each line 


Resistance jo 


Length „ L 

or jR 00 

Ooss-section area A 


Thus, widening of the vascular bed decreases 
resistance m segments of comparable length 
The equation of continuity of flow states that 
velocity of flow (v) times the cross sectional 
area (A) of a vessel must be constant at all 
serial segments m the circuit, eg, in the sun 
plest case, i e , 


the collecting veins At this level, lymph capil- 
laries occur These function as fluid- and par- 
ticle-collecting vessels They unite by conflu- 
ence to form the lymphatic network, an auxil- 
iary fluid-collecting system which ultimately 
conducts fluid back to the blood m the veins 
(Fig 3 5) 

Distribution of Blood Volume, 
Pressure^ Flow, and Resistance 

The proportional distribution of blood 
volume in systemic arteries, capillaries, and 
veins is depicted m Figure 3 2C The arteries 
contain about 20, capillaries 6, and veins 75% 
The relative distribution between the puhnomc 
and systemic circulation is illustrated in Figure 
3 6 Volume distribution estimates for an adult 
man appear in Table 3 2 and for the mesenteric 
circuit of the dog in Table 3.3 


Va y Aa Uf, X' At,, etc 

Thus, flow velocity is inversely proportional to 
total cross-section of the system, 

val/A 

These simple relations explain the characteristics 
of pressure and flow through the system depicted 
m Figures 3 2 and 3 7 In the complexly branch 
mg vascular system with pulsatile flow, these 
relations are not necessarily preserved at all 
sites and instants of time, but the concept 
holds as an appropriate generalization 
Various functional types of vessels can be 
identified m accordance with pressure, flow, 
and volume distribution (see also p 3-164), 
e g high pressure vessels arteries, low pres 
sure vessels veins, capillaries, pulmonary ves- 
sels, capacitance vessels veins, and resistance 
vessels, small arteries and artenoles chiefly, 
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Volume Flow Through the Systemic Circulation 
a b e d e 



F'g 3 2 A The volume flow per unit time through 
each segment of the circulation must equal that entering 
and leaving the system despite great differences in cross 
sectional area B The cross-sectional areas of various 
segments of the circulation computed from a 1 S-kg dog 
are graphed above velocity of blood flow to show their 
inverse relationship Flow through the capillaries averages 
about 0 07 cm /sec C Approximate pressures and vol- 
umes throughout the circulation are depicted schematic 
ally Pressure is high and pulsatile in the arteries falls 
rapidly across the resistance vessels and the pulsation 
IS damped out m the capillaries and veins Pressure is low 
and nonpulsatile in most capillaries and veins The blood 
volumes depicted are approximations (Redrawn from 
Rushmer 1961) 


The Relation Between Cross-sectional Area 
and the Velocity of Flow 
in the Systemic Circulation 



C Pressures and Volumes of Blood 


in the Systemic Circulation 


Pressure mm 




also capillaries and smallest venules Volume 
flow (1?) remains constant through each seg- 
ment of the circulatory bed (Fig 3 2A) while 
mean pressure (P) decreases progressively 
(Figs 3 2C and 3 7) Pressure gradients (A P) 
are not uniform By scanning the pressure 
curves m Figures 3 2C and 3 7, the location of 
points of high resistance (P) can be found 
where pressure drop (A P) is greatest Resist- 
ance to flow is determined by the \iscosity of 
the fluid and geometry of the tubular system 
Assuming viscosity to be constant, the factors 
determining resistance are length of conduits, 
their cross-sectional area and whether they are 
arranged m series or parallel In the case of di- 
chotomously branching arterioles and capil- 
laries, the resistances are m parallel and senes 
The total resistance (PP at any segment is the 
sum of the vessel resistances in that segment 
The relative contributions can be derived from 
geometrical data, m Table 3 3, e g , m the case 
where areas and lengths are equal, 

Pt (1/No of vessels) x (Length/Cross-sectional 
area) 

where the vessels are in pamllel 

Senes resistances simply add, e g , 

= Partenole ^capillary “F Rn 

or the total resistance can be derived from 

V - ^PIR or P = AP/V 

While blood volume distributions (Figs 3 2C 
and 3 6, and Table 3 2) are not rigidly fixed, 
they are ordinarily maintained within fairly 
narrow limits The volume capacity of the sys- 
temic arterial distributing system (high pres- 
sure system) is the most limited and least vari- 
able, 1 e , it is least dilatable It contains (Table 
3 2) only about 14^r of the blood volume The 
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Fig 3 3 yi mean arterial pressures at the heart level (so//d hne) and brain level {dashed hne) in man cow and gi 
raffe B scale drawing of giraffe and cow indicating relative levels of ground (G L) heart (H L) and brain (B L) (Re 
drawn from Patterson 1965) 



Fig 3 4 The relation between blood pressure gra- 
dients capillary blood pressure and osmotic pressure of 
the plasma proteins in four species (Redrawn from Lan- 
dis, 1 964 ) 


Table 3 1 

Relation of colloid osmotic pressure and blood pressure 


Animal 

Colloid 

Osmotic 

Pressure 

Blood 

Pressure 


mm Hg 

mm Hg 

Aplvsid 

0 02 

18 

Homarus 

1 15 

85 

Octopus 

6 24 

40 

‘"Amphibia” 

42 

50 

Oryctogalus 

20 2 

99 

Homo 

29 1 

120 


From Florey, 1966 Data from Florkm and Blum, 
1964 


remainder is m the heart (about 7S) and the 
low pressure system (about 79^V) Of the latter 
about 9^ IS m the pulmonary circuit The low 
pressure system thus has the greatest capacity 
and IS most dilatable When blood volume is 
increased as by transfusion, only about I'^r is 
distributed to the high pressure system Thus, 
the low pressure system serves a reservoir func- 
tion It is m the low pressure system that recep- 
tors for blood volume control are located which 
are the sensors for fluid volume regulations 
The velocity flow (v) vanes with the cross- 
sectional area of the system (Fig 3 2B) in ac- 
cordance with the equation of continuity This 
provides for rapid flows through the relatively 
narrow distributing arterial and collecting ve- 
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' channel 



Muscular 
venule 



C 

Precapillary 



Fig 3 5 Three patterns of terminal vascular beds A 
muscle with preferential channels B mesentery true cap- 
illaries outlined by dotted lines C capillary loops of 
human nail bed (After Zweifach B W 1949 redrawn by 
Burton 1965) 

nous networks, and slow movement at capillary 
difftising and filtration (i e , exchange) sites 

Regulatory Factors 

Complex control arrangements maintain and 
adjust the distribution of blood pressure, flow, 
and volume to the various organs within physi- 
ological limits 

INTRINSIC CONTROL 

In the most peripheral part of the circulatory 
system, through the dimly understood mecha- 
nisms of autoregulation, flow is controlled so 
that with elevation of tissue metabolism flow 
increases, and vice versa Local cardiovascular 
control mechanisms govern the caliber of pe- 




Fig 3 6 Circulation schema depicting blood volume 
distribution and distensibility of various segments of the 
circulatory system The shaded segment is the so-called 
central blood volume region It acts as a filling reservoir 
for the left ventricle with adjustable volume and compli 
ance This accommodates temporary volume flow changes 
between the two ventricles and through reflex alterations 
in vascular compliance determines velocity of flow and 
pressure transmission across the pulmonary vascular bed 
In addition this low pressure segment of the circulation 
contains receptors which sense blood volume changes 
These initiate reflexes important in fluid volume regulation 
(From Gauer 1 968 ) 


Table 3 2 

Estimated distribution of blood in vascular system of hy- 
pothetical adult man^^ 


Region 


Volume 


ml 

C 

( 

Heart (diastole) 

360 


7 2 

Pulmonary 




Arteries 

130 j 

1 

26 

( 

Capillaries 

no 

^ 440 

2 2 

^ 88 

Veins 

200] 

1 

40] 

1 

Systemic 




Aorta and large 

300 


60 

arteries 




Small arteries 

400 


80’ 


Capillaries 

300 


60| 

84 0 

Small veins 

2,300 

1 4,200 

46 01 


Large veins 

900 


18 0 



5,000 


100 


From Milnor, 1968 

“Age, 40 years, weight, 75 kg , surface area, 1 85 
m 2 
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Table 3 3 


Estimates of relative blood volumes 
the dog 

in segments of the circulatory system 

from data on the mesenteric 

vascular bed of 

Structure 

Diameter 

Number 

Total cross- 

sectional 

area 

Length 

Total 

volume 


mm 


cm ^ 

cm 

ml 

Aorta 

10 0 

1 

0 8 

40 0 

30 

Larp^e arteries 

10 

40 

3 0 

20 0 

60 

Mam arterial branches 

1 0 

600 

5 0 

10 0 

50 

Terminal branches 

0 6 

1,800 

5 0 

1 0 

5 

Arterioles 

0 02 

10,000 000 

125 0 

0 2 

25 

Capillaries 

0 008 

1,200 000,000 

600 0 

0 1 

60 

Venules 

0 03 

80,000 000 

570 0 

02 

110 

Terminal veins 

1 5 

1 800 

30 0 

1 0 

30 

Main venous branches 

2 4 

600 

27 0 

10 0 

270 

Large veins 

6 0 

40 

11 0 

20 0 

220 

Vena cava 

12 5 

1 

1 2 

40 0 

50 

Total 





910 


Data of F Mall Cited from Green et al , 1944 


Pressure 



Fig 3 7 Pressure distribution in the human cardiovas- 
cular system The shaded area extends between diastolic 
and systolic pressures, indicating the amplitude of pulse 
pressure the central solid line represents mean pressure 
(From Milnor 1 968 ) 

npheral arteries and thus influence cardiac 
output They have been shown to operate in the 
absence of central nervous system and periph- 
eral autonomic innervation (Granger and Guy- 
ton, 1969) These controls provide a funda- 
mental regulation which maintains homeostatic 
stability In individual organs autoregulatory 
responses occur within 1 to 3 mm , while in the 
whole body their onset is delayed 3 min , or 
more and requires up to 50 min or more for 
completion Superimposed on this is reflex reg- 
ulation (e g , baroreceptor reflexes) which is 


rapid (appealing within time units of less than 
1 mm ) and long-term ad)ustment& requiring 
days or weeks (eg, alterations in blood and 
other fluid compartment volumes) 

The basic function of circulation being regu 
lated IS the filtration-diffusion process at the 
exchange vessels all regulations serve to main- 
tain this at the appropriate level set by tissue 
metabolic needs 

Accordinglv, a logical place to begin in con 
sidermg circulatorv control is with the microcir- 
culation, where fluid exchanges between blood 
and tissue fluids occur 

Autoregulation Autoregulation is the term 
applied to blood flow changes m tissue and 
organs produced by local (or intrinsic) control 
mechanisms The organ or tissue tends to mini- 
mize the effect of changes in perfusion pressure 
on flow, thus holding flow relatively constant, 
when pressure is the only variable changed On 
the other hand, blood flow will increase with 
elevation of metabolic activity, even though the 
perfusion pressure remains constant These re 
lations are schematized in Figure 3 8 

Autoregulation has been demonstrated in the 
circulations of the brain, heart, kidney, liver, 
intestine, and muscle It probably occurs in 
most, if not all, tissues However, attempts to 
demonstrate autoregulation in the cutaneous or 
pulmonary circulations have failed These are 
called passive vascular beds In them there is 
little intrinsic tendency for flow to be kept con 
stant when arterial pressure is altered, or to 
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Table 3 4^ 

Vessel diameter blood velocity and Reynolds number for the systemic circulation of man 


Structure 

Diameter 

Blood 

Velocity 

Tube 

Revnoids" 

Number 


cm 

cm /sec 


Ascending aorta 

2 0-3 2 

63' 

3600-5800 

Descending aorta 

16-2 0 

27' 

1200-1500 

Large arteries 

0 2-0 6 

20-50' 

110-850 

Capillaries 

0 0005-0 001 

0 05-0 1“ 

0 0007-0 003 

Large veins 

0 5-10 

15-20' 

210-570 

Venae cavae 

20 

11-16' 

630-900 


“ From Whitmore, 1968 
* Assuming viscosity of blood is 0 035 poise 
Mean peak value 

^ Mean velocity over indefinite period of time 




B Metabolic activity 


Fig 3 8 A The broken line depicts a linear relation- 
ship between pressure and flow as would be seen when a 
Newtonion fluid perfuses a rigid tube system The solid 
line depicts the pressure-flow relationships when a tissue 
with constant metabolic activity is perfused at increasing 
pressures B A hypothetical relationship between the level 
of metabolic activity and flow at constant perfusion pres- 
sure IS depicted 


maintain any other variable in the face of tissue 
metabolic changes 

In Figure 3 9, pressure-flow relations are 
graphed from observations on an isolated skel- 
etal muscle preparation in the resting state 
Note that the immediate effect of increase in 
pressure was elevation of flow, which then after 
30 to 60 sec , returned toward the control level 

Since autoregulation occurs in denervated 
tissues, reflexes are not necessarily involved 
However, m the intact animal reflex and hor- 
monal control mechanisms may override local 
regulation in a particular organ. Several factors 
have been suggested to account for local circu- 
latory control Among these are. contractile 
response of vascular smooth muscle to increased 
tension, variations in amounts of vasodilator 
metabolites, variations in oxygen tension, and 
changes in tissue pressure Other possible 
mechanisms are discussed on p 3-168 In any 



Fig 3 9 Pressure-flow relationships in the skeletal 
muscle vascular bed of the dog The closed circles repre- 
sent the flow rates first measured when pressure was 
changed abruptly from the control level of 100 mm Hg 
the open circles are the steady-state flows finally attained 
at the new perfusion pressure The two lines intersect at 
the control pressure point (From Berne and Levy 1967 ) 


case, autoregulation is clearly an important 
local regulatory factor accounting for blood flow 
distribution consonant with tissue needs 
Through the mechanisms of autoregulation, 
nutrient flow and capillary pressure are regu- 
lated within physiological limits 

In experimental dog preparations in which all 
nervous control of circulation has been removed 
by destroying the central nervous system, the 
vascular system as a whole exhibits substantial, 
slowly developing autoregulatory responses over 
periods of 20 to 90 mm These responses could 
develop further with time (Granger and Guy- 
ton, 1969) This finding suggests that whole 
body autoregulation is a deliberately acting 
control mechanism which ranks along with ner- 
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vous and humoral control of cardiac output and 
peripheral resistance in regulating blood pres- 
sure 

EXTRINSIC CONTROL 

Local adjustments of blood flow bv intrinsic 
regulation depend on maintenance of adequate 
blood pressure within the distributing arteries 
The mechanical relationships of flow, pressure 
and resistance in the svstemic arterial circula- 
tion are, as given before 

Va, APa^/jRa. 

where Vas is systemic arterial flow, AP„^, sys- 
temic arterial pressure gradient, and Ras, sys- 
temic arterial resistance It is clear that when 
vessels dilate locally and resistance {RaJ is low- 
ered, adjustments must occur m flow ( \^as) and 
pressure All tissues require that a certain 

pressure be maintained for their autoregulator\ 
mechanism to be effective This is provided for 
by extrinsic regulatory systems which govern 
heart rate, blood vessel caliber, and blood 
volume The components of these extrinsic con- 
trol systems can be classified as follows effec- 
tors heart muscle, vasculai smooth muscle, 
endocrine secretory cells, regulators nerve 
impulses, hormones, vasoactive substances, 
sensors nerve receptors, and transmitters 
nerves, blood stream 

A simplified mechanical analog for certain 
aspects of blood pressure control is the fluid 
tank with fluid level control (Fig 10) The 
fluid level variable (h, height) is kept constant 
bv a mechanical link, L, which adjusts a valve, 
a, in accordance with the effect of pressure 
(height X gravitational acceleration, on an 
expansible syphon, S The valve, a, regulates 
flow in, P'i Flow out, Vfj , is determined bv the 
fluid level, h 



Input 

System 

Output 


(S.L.a) 

^ ^ — 1^ 

(V,) 


(Vo) 


Fig 3 11 Input-output system 


This IS an input-output s\stem with negative 
feedback control An increase in pressure {h§] 
leads to a decrease in inflow, V, 

In this system, input and output will be re 
lated in accordance with the characteristics of 
the negative feedback mechanical components 
.S, L, and a (Fig 3 11) 

Often, m biology the components of control 
systems and their interactions are only vaguely 
understood As a first approximation it is usefol 
to study merely the relationship between the 
input and output of a given variable, without 
analyzing the components of the system respon 
sible for the relationship Such a relationship 
between input and output is called a transfer 
function (Fig 3 12) In some cases the transfer 
function can be represented bv a mathematical 
ecjualion, in others, only by a table of observed 
values or a set of postulates or rules ^ 



Input 

Transfer Function 

Fig 3 12 Transfer function 


The regulation of circulation has as its chief 
function the maintenance of an adequate flow 
of blood to all organa Ckven a constant pres 
sure m the distributing arteries, flow can be 
altered to suit tissue metabolic needs by local 

* The term ' transfer function' is not used here and sub 
sequently in accordance with its mathematical definition 
in which for any linear component or any linear system 
It designates the 'Laplace transform of the output di 
vtded by the Laplace transform of the input with zero 
initial conditions assumed (Riggs, 1970) 
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adjustment of peripheral resistance Howe\er, 
an increase in flow to one or^an would tend to 
decrease flow to another insofar as a fall in 
pressure were allowed to occur This is pre- 
vented bv sensors which monitor blood pres- 
sure These are mechanoreceptors (stretch re- 
ceptors) which are activated b\ changes in 
arterial pressure and are thus known as presso- 
receptors or baroreceptors Located in the walls 
of blood vessels (e g , carotid sinus, aortic arch), 
they mdirectlv help govern blood flow b\ de- 
tecting changes in blood pressure These are 
the sensory elements of a negative feedback 
loop which helps maintain the constancv of 
blood pressure The effector organs are the 
heart and peripheral arterioles whose level of 
activity is regulated bv transmitters, nerve 
impulses, and humoral agents Thus there is a 
controlling system made up of regulators (ner- 
vous system, endocrine organs) and a controlled 
svstem (heart and blood vessels) which govern a 
regulated variable (blood pressure) 

These elements of the cardiovascular control 
svstem can be formulated as a block diagram m 
which the regulators are designated controlling 
system and the effectors, controlled system 
(Fig 3 13) 

In such a system, certain elements can be 
examined separately to establish their relations 
(transfer functions) For example, one of the 
ways the baroreceptors affect blood pressure is 
through altering heart rate, which, in turn, in- 
creases or decreases cardiac output ('O) Thus, 
heart rate (frequency, F) is related to blood 
pressure m a baroreceptor (e g , carotid sinus 
pressure, somewhat as in Figure 3 14 

In curve A, heart rate is plotted as a function 
(dependent variable) of carotid sinus pressure 
Represented in curve B is the fact that heart 



Fig 3 13 Block diagram of a cardiovascular control 
system N nerve impulses H humoral agents 


Heart Rate Curve Carotid Sinus 




Fig 3 14 Relation of heart rate F and carotid sinus 
pressure Pr (These and other similar curves are drawn 
to show the sign of the slope their shape has no mathe 
matical validity) 



Fig 3 15 Determination of equilibrium (steady-state 
S) values of heart rate F and carotid sinus pressure Pts 


rate, as one determinant of blood pressure in- 
fluences carotid sinus pressure in a predictable 
way Note that m each graph of a transfer func- 
tion the input (independent) variable appears 
on the abscissa, the output (dependent) vari- 
able on the ordinate These two graphs illus- 
trate interdependent variables, a common situ- 
ation in biological control systems How these 
relations interact to help maintain the blood 
pressure within certain limits can be appre- 
ciated by plotting them on the same graph In 
this plot the graph B for carotid sinus pressure 
as the dependent variable is rotated 90° and 
the carotid sinus pressure ordinate reversed 
The resulting graph shows an intersection, S, of 
the curves m A and B (Fig 3 15) 

The point of intersection of the two transfer 
function curves represents the steady-state 
heart rate and carotid sinus pressure when the 
system is at rest or undisturbed If some tran- 
sient influence (eg, exercise, excitement) dis- 
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places the heart rate and carotid sinus pressure 
curve point oi intersection, sa\ to point 7\ the 
two curves will return toward their original po- 
sitions until they intersect at the resting 
steadv-state position or point oi equilibrium 
The transfer functions depicted in Figures 
3 14 and 3 15 show onlv the influence oi carotid 
sinus pressure on heart rate and heart rate on 
carotid sinus pressure However, both these 
variables are subiect to other influences These 
influences can alter the transfer function of ei- 
ther dependent variable Suppose that the sen- 
sitivity of the receptor nerve terminals m the 
carotid sinus were increased bv a drug Then 
its transfer function would be shifted to the 
right as indicated hv the dotted line in Figure 
3 16 

Thus, for a given carotid sinus pressure, the 



Ffcs 


Fig 316 The effect of increasing sensitivity of the 
carotid sinus pressure receptor F heart rate carotid 
sinus pressure 


X 

Y 


System 


^2 


Fiq 3 18 A three variable system 




Fig 3 19 The influence of left atrial pressure 
and aortic pressure Pa„ on left ventricular output 



Fig 3 20 Equilibrium or steady-state point S for the 
combined effects of left atrial pressure PlA and aortic 
pressure on cardiac output 



heart rate would be lower and the equilibrium 
point would be shifted to the right, a condition 
which would permit the blood pressure at rest 
to remain lower than before administration of 
the drug Should some factor inhibit the heart 
rate, its curve would shift to the left and the 
point of intersection change accordingly (Fig 
3 17) 

A slightly more complex example of control 
can be illustrated by diagramming two factors 
known to modify the pumping action of the left 
side of the heart The basic model is that of a 
three variable system m which two inde- 
pendent variables, x and y, alter dependent 
variable 2 (Fig 3 18) 

^ Cardiac output (left ventricle volume flow, 
Vjuv) is a product of the amount of blood ex- 
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Fig 3 21 Block diagram of a control system regulating left ventricular output through two simultaneously acting 
feedback loops which converge Pj ^ atrial pressure P\, aortic pressure N nerve impulses H hormones / intrinsic 
ventricular muscle factors 0 convergence point a symbol representing the interaction of the two feedback loops 
which in this case have opposing effects 


pelled with each heart beat (stroke volume. Vs), 
times the heart rate (frequency, F) 

Vlv = F Vs 

Two independent variables which modify left 
ventricular output are the input pressure in the 
left atrium (P^^) and the output pressure load 
(aortic pressure, P^o) These are related by 
transfer functions as in Figure 3 19 
The intersection of these two curves repre- 
sents a steady-state condition, s, for given 
values of Pla and Pao which determine Vly 
(Fig 3 20) 

The two independent variables, Pla and Pao 
can be diagrammed as a three variable system 
with two feedback loops, which act upon a con- 
trolling system (nerves, hormones, intrinsic 
ventricular muscle factors) to regulate a con- 
trolled system (left ventricle) such that its 
output tends to remain stable (Fig 3 21) 

By experimentally holding one of these inde- 
pendent variables constant and altering the 
other, their individual roles in governing Vlv 
can be determined Results of such experiments 
in dogs are shown with a three-dimensional 
plot in Figure 3 22 In this figure it can be seen 
that at low left atrial pressures {Pla) an in- 
crease in aortic pressure (Pao) has little effect 
on ^Lv until high aortic pressures are attained. 
At high left atrial pressures, the influence of in- 
creased aortic pressures is greater Similarly, at 
high aortic pressures, decreases in left atrial 
pressures have little effect until low atrial pres- 
sures are reached However, at low aortic pres- 
sures, the influence of increasing left atrial 
pressure (Pla) on IS much greater 

Thus far only control arrangements gov- 
erning cardiac action have been considered 
Resistance (Pos) ^o flow out of the arterial 
system ( Vq) is also regulated in a similar way to 



Fig 3 22 A three dimensional plot of mean aortic 
pressure (P,„) mean left atrial pressure and cardiac 
output (From Milhorn 1966 by K Sagawa ) 


oppose changes m blood pressure Constriction 
and dilatation of arterioles, causing alterations 
in resistance, occur in concert with cardiac 
output changes to maintain homeostasis of 
blood pressure Intrinsic factors within the tis- 
sues adjust arteriolar caliber to permit flow 
changes appropriate to tissue metabolic needs 
Feedback control loops involving the barore- 
ceptor sensors also act through nerves and hor- 
mones to produce vasoconstriction or vasodila- 
tation in various tissues, as required to main- 
tain blood pressure and adequate flow 

Although the chief requirement of these con- 
trol systems is to mamtain an adequate flow of 
blood, the mam sensors detect pressure 
changes Flow receptors are not known in the 
circulatory system 

The controls described thus far act rapidly to 
effect their adjustments in a short period of 
time 1 e , short-term regulation Such adjust- 
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ments are effected within time intervals of sec- 
onds, minutes, or, at most, a few hours 
Long-term regulation is also present, effected 
through mechanisms which govern bodv fluid 
volume, vascular tone, and vascular capacitv 
These m turn alter blood pressure, cardiac out- 
put, and vascular resistance, producing or op- 
posing sustained deviations in pressure and 
flow distribution Long-term adjustments re- 
quire days or weeks and thus operate slowlv 

For further reading see Adolph (l%8), Ba\hss 
(1966), Engelberg (1966) Granger and Guvton (1969) 
Yamamato and Brobeck (1965), Johnson (196t) 
Milhorn (1966, 1969), Reeve and (^u\ton (1967) 
Riggs (1963, 1970), Landis (1964), Patterson et al 
(1965), Florev (1966) Burton (1965) Gauer (1968), 
Milnor (1968), Green et al (1944), Whitmore (1968) 
and Berne and Lev\ (1967) 

Foectional Characteristics of the 
Systemic C§rcu!ation 

VOLUME FLOW 

The anatomical complexity of the circulation 
may obscure some basic facts which have been 
stressed The volume flow of blood through anv 
part of the circulation must equal that flowing 
through any other part There may be regional 
shifts of flow so that some arteries or capillaries 
carry more or less flow than in other arteries or 
capillaries, or there may be a small difference 
in the blood volumes put out bv the two ventri- 
cles, but the former does not affect the relative 
total flow through the capillaries and arteries 
while the latter can onlv exist momentanlv for 
a few heart beats, else the organism dies 

BLOOD CONTENT 

The blood content of different areas is not 
constant but is continuously changing and is 
available for redistribution to other vascular 
areas where it may be needed The volume m 
any one compartment depends not only upon 
the basic anatomical size of the bed but upon 
dynamic changes induced by passive and active 
changes m capacity and content, i e , distensi- 
bihty 

Basic control. Blood storage can be on a long 
term basis (blood reservoir) or it can change 
rapidly during a cardiac cycle (compression 
chamber). Both are dependent on the blood 
content of the cardiac cavities and of the ves- 
sels at zero internal pressure and on their dis- 
tensibility, i e , change of diameter and length 
with change of internal pressure, m turn, the 


basic distensibilit\ ol the cavities is governed 
bv the mvocardial resistance to stretch For 
example, the distensibilitv of a heait cavity ac 
tivelv changes if, for the same resting size or 
volume, the pressure within the cavity is al 
teied The distensibilitv ot the ventricles can be 
grossly altered b\ nervous, humoral, and other 
influences The distensibilitv of the vessels is 
governed bv their content ol elastic and col 
lagen tissue and smooth muscle (Fig 8 23) All 
varieties of blood vessels except the arterioles, 
capillaries, and venules, have a prominent 
component of elastic tissue, and in some vessels 
such as the aorta, as much as 4()G bv weight is 
elastic tissue The elastic libers with their great 
range of extensibility before their elastic limit 
is reached, produce maintenance tension 
without energy expenditure against the normal 
blood pressure In the wall ol every type of 
blood vessel except the capillary, there are 
white collagenous libers m a matrix penetrating 
between the other elements The collagenous 
fibers act in a similar way to the elastic fibers 
but, because of the architecture ol the wall, are 
stretched onlv at higher than normal blood 
pressure and have a protective supporting role 
(Fig 3 23) 11, however, the vessels reacted in a 
purely passive wav based on their content of 
collagen and elastic fibers, their internal pres- 
sure would be determined onlv bv the volume 
of contained blood and, at anv constant mean 
pressure the mean volume of blood within them 
would also not change However, many types of 
vessel contain much smooth muscle which does 
not contribute significantly to the elastic ten- 
sion of the wall Its function is to produce ac- 
tive tension under vasomotor stimulation or 
local action of various chemicals (vasodilator 
and vasoconstrictor substances and oxygen 
lack) and .so change the size of the lumen Such 
vascular tone adjustment is seen in most vas- 
cular areas It counteracts distensibihty bv in- 
ducing smooth muscle reaction which, at times, 
IS strong enough to induce a net decrease in 
vascular lumina m the presence of an elevated 
pressure Such activation will, of course, change 
completely the pressure- volume relationship in 
a vascular bed or area 

Aorta and its Arterial Branches. The pres 
sure-volume relationship or distensibihty of 
the isolated aorta has been exhaustively studied 
in vitro The distensibihty vanes widely in dif- 
ferent aortas m the same age group (Fig* 3 24) 
There is no statistically significant correlation 
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between age and absolute distensibilitv How- 
ever, aortic size or capacity increases consider- 
ably with age so that the average diameter of 
the aorta may exceed that of the sum of its 
branches and the contained volume at a dia- 
stolic pressure of 80 mm Hg may almost 
double This shift toward larger volumes wuth 
increasing age indicates that the enlarged aorta 
does not now need to expand as much to ac- 
comodate the same systolic ejection The dis- 
tensibility of an isolated aortic segment studied 
in VIVO and in vitro differs mildly during its in- 
flation and deflation, the resulting curves 
forming a loop (Fig 3 25) This is presumably 
because of hysteresis of the elastic fibers 
Although such studies aid in orientation, 
there is no guarantee that the characteristics of 
the aorta or, indeed, any vessel postmortem 
apply to conditions in the intact normal animal 
r man Since the systemic arterial system con- 
tains only about 14 of the total blood in the 


systemic circulation, even if smooth muscle 
contraction reduced its volume by 2b^c (or 175 
ml ) its function as a reservoir would be small 
ActualK, during svstole and cardiac ejection, 
much of the pressure and flow’ are transferred 
immediateK to the penpherv However, the 
aorta and some of its immediate branches be- 
long to the elastic type of arteries, i e , elastic 
tissue IS abundant and muscle fibers are rela- 
tivelv scarce Because of their large distensibii- 
itv, the walls of these large central arteries act 
as compression chambers which serve to buffer 
the more peripheral branches from too sudden 
an increase in pressure and flow The volume of 
blood suddenly injected into the aorta by the 
powerful ventricular action is only partly 
moved forward, a considerable portion is stored 
locally by the successive expansion of the large 
vessels Although earlier work indicated that 
there is no radial expansion of the aorta beyond 
the arch, later work using cinematographic 
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Fig 3 23 Illustrated are the lumen diameters wall thickness relative amounts of different tissues and wall tensions 
m the various blood vessels Lower left Tension-length diagrams of elastic 1 and collagen fibers 2) presented alone and 
in combination 3) Lower right balloon demonstrating pressure-tension relation The pressure [P) within the balloon is 
equally transmitted to all parts of the contained air (Pascal s law) and the tension (7) in the balloon varies with the ra- 
dius (r) in that portion Laplaces Law (Modified after Burton 1954 and Wolf 1952) 
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films at 1500 frames/sec showed dilation of the 
thoracic aorta during systole of 15 to 20S of its 
diastolic diameter which corresponds to a ‘10 to 
40^ f increase m volume per unit length of the 
artery, radial enlargement of the more distal 
aorta was somewhat less Thus it is estimated 
that up to one -half of the pressure and flow dis- 
charged during systole is stored here and that 
this moves forward during diastole through the 
elastic recoil of the arterial walls This enables 
a portion oi the blood to run off into the capil- 
laries during diastole and not during s\ stole 
Whether active changes in aortic distensi- 
bihtv normally occur is onh incompletely in\es- 
tigated Simultaneous measurements ha\ e been 
made of phasic aortic blood pressure b\ an ap- 
propriate pressure manometer and of changing 
aortic circumference during a cardiac c\cle In 
the open-chest dog or man the latter is ob- 
tained bv noting the movement of a pair of 
recording mechanical calipers placed <iround 
the aorta, in the unanestheti/ed clog, aortic cir- 
cumference is detected b\ measuring the 



Fig, 3„24, Influence of age on the volunne-pressure 
relations of human aortas Each curve represents the av- 
erage values lor a given age group. Vertical lines represent 
standard deviations (Remington and associates 1948) 



Fig 3 25 Pressure volume diagrams obtained from 
an isolated segment of thorat u aorta by injections and 
withdrawals (orrows) at rate of 10 and 100 mi of blood 
per minute (Alexander 1954a) 

changing resistance in a mercuiv-tilled rubber 
tube wrapped around it In the open -chest dog, 
when the arterial blood pressure is elevated to a 
high level In mechanical constriction of the 
aorta, the si/e of the aorta during diastole ini 
tiailv increases but then decreases in the pres 
enee of an elevated internal pressure, and at 
the same time, its distcuisibihtv increases, le, 
the pulse pressure becomes larger A large 
mtra-artenal iniection of adrenaline constricts 
an aortic segment being perfused in vivo so 
that It may c'ontain less tiian half the volume of 
the normal aorta in the low pressure range, 
while in the high pressure range the volumes 
are almost equal, i e , the constricted aorta now 
has a much greater distensibihtv than the 
normal aorta These changes are presumably 
related to active changes m the smooth muscle 
which IS abundant in these vessel walls How 
ever, these experiments must be interpreted 
cautiously, for preliminary measurements m 
intact unanesthetized dogs have shown an inti 
mate relation between the aortic pressure and 
aortic circumference Thus, the actual amount 
of and the significance of active alteration of 
aortic size under changing physiological states 
is not known. 

The more peripheral arteries such as the ca 
rotid, brachial, and femoral and their branches, 
are predominantly muscular types of arteries 


Chapter 1 

containing circularly arranged smooth muscle 
fibers m large numbers which, by their shorten- 
ing, can reduce the lumen of these vessels con- 
siderably Such a set-up obviously permits ad- 
aptation or adjustment of this distributing 
system to accommodate changing volumes of 
circulating blood This is initiated by heat, 
cold, trauma, and many other physiological 
events In the latter instance, pressure- volume 
curves done in situ on small (1 2 mm or less 
internal diameter) and very muscular arterial 
segments of the mtestme showed that with ele- 
vation of the aortic distending pressure, di- 
rectly or through an increased portal venous 
pressure, the segment diameter ma> actually 
decrease Since intra-artenal procaine did not 
block the response and since the vessel constric- 
tion was abolished after ischemia, papaverine 
or cyanide, an active response of the arterial 
smooth muscle wall (and probably of myogenic 
origin), IS suggested which is caused by the ele- 
vated wall tension 

It can also be demonstrated that the femoral 
artery dilates in response to contraction of the 
peripheral muscles This persists with local 
nerve section, occurs only on the stimulated 
(active muscle) side, and is abohshed by local 
procaine or cutting of the artery distal to the 
point of measurement of femoral artery volume 
Therefore, the response is by way of a con- 
ducting system in the arterial wall The velocity 
of such peripheral conduction is 10 cm/sec , 
and therefore, the conducting elements are 
probably the smooth muscle of the media of the 
vessel wall 

Arterioles The arterioles contain the small- 
est blood volume of the cardiovascular system, 
but the pressure and flow in the circulatory sys- 
tem are more sensitive to minute changes in 
blood content of the arterioles than to that of 
any other part of the circulatory system The 
arterioles are the final or end branches of the 
distributing system and operate as stopcocks 
which control the run-off of blood from the arte- 
rial system into the capillaries The caliber of 
these vessels is controlled by the state of con- 
traction of their circularly disposed and 
strongly developed smooth muscle fibers The 
latter are regulated by local metabolic process 
and by blood borne substances They are also 
supplied with vasomotor fibers which are con- 
trolled by centers m the spinal cord and me- 
dulla Their distensibility other than through 
myogenic change has not been determined* 
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Capillaries The blood content of the capil- 
laries (300 ml ) IS also \ery small The arteries, 
even as far as the commencement of the true 
capillaries, are imper\ious The total filtering 
surface b\ the capillary endothelium m the 
adult human bod\ amounts to about 6300 m ^ 
(68,000 ft The summed areas of the capillary 
walls m all regions could be imagined, there- 
fore, as constituting an endothelial membrane 
over 12 miles long and a foot wide, vet so thm 
that when tightly rolled, it would form a cyl- 
inder of about the thickness of a lead pencil 

The capillary wall proper is composed of a 
single layer of endothelial cells and is about the 
most tenuous structure conceivable (Fig 3 26) 

It does not exceed half a micron m thickness 
The endothelial cells which are flat are joined 
at their fringes by a so-called “intercellular 
cement” which fills in between adjacent cells 
The cellular area makes up more than 99^ r of 
the total area across which exchange takes 
place, the small nonliving zone (cement) less 
than l^f The cement substance which binds 
the endothelial cells at their edges is being con- 
tinuously washed away and renewed again by 
the endothelial cells Its basic structure is a 
porous network of a complex cement substance, 
presumably a calcium protemate At one time 
it was thought to be hyaluronic acid, but this 
idea is no longer held Superimposed on this 
network, either by electrical, chemical, or sur- 
face tension forces, is a large adsorbed molec- 
ular component of protein which fines the inner 
surface and plugs most of the large pores m the 
cement, considerably reducing the perviousness 
of the structure The capillary endothelial tube 
is enclosed and supported by a delicate sheath 
or membrane of fine fibrils derived from or 
closely related to the surrounding connective 
tissue The intervening space between capillary 
and this membrane contains a freely moving 
fluid Surrounding this m the interstitial spaces 



Fig 3 26 Section of capillary wall stained with stiver 
nitrate to demonstrate the intercellular cement Nuclei of 
the cells stained with hematoxylin 
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IS the so-callcd tissue fluid which is of a sjel-like 
consist enc\ 

It IS still debatable whether the bulk of ex- 
change oc'cuis across the entire surface area or 
IS restricted for most molecules to the pervious 
intercellular cement Ions and small molecules 
diffuse across the capillan wull at such an in- 
ciedibk fast late (at least lOOb exchange 
within I min ) that it has been suggested that 
the whole capillary wall is permeable to these 
substances The penetration, howecei of capil- 
lary walls b\ water and dissolved substances 
appeals to take pLice soleh bv processes which 
rec]uire no energv liansfoimation bv the capil- 
lary endothelial cells Fiom this has arisen a 
general belief that the capillary walls, or specif- 
ically the intercellular cement, is pieiced with 
numerous iiltramicioscopic openings or pores 
wuth an average diameter of about dO A which 
are generally too small to allow the passage of 
plasma protein molecules, but are of sufficient 
si/e and number to account for the observed 
rates of passage of w^ater and nonprotein con- 
stituents of the plasma Considerable evidence 
has been adduced that lipid soluble molecules, 
such as owgen and carbon dioxide, can i^ene- 
trate rapidlv the plasma membranes of the cap- 
illary endothelial cells and are not restricted to 
the aqueous intercellular spaces Finally, the 
evidence is fairly clear that penetiation of large 
molecular aggregates and formed elements, 
such as the red and white cells, occurs through 
the intercellular portion of the wall The pres- 
ence of vesicles m capillary endothelial cells 
which can take up tagged protein molecules, 
suggests that a process analogous to pmocvtosis 
plays a role in the transport of large molecules 
across the endothelium Capillary permeability 
IS bv no means uniform throughout the body 
For example, skeletal muscle capillaries are 
about 100-fold less permeable to water than the 
glomerular capillaries 

The functional anatomy of the capillaries has 
been worked out for some cold-blooded ani- 
mals, for the rat and dog mesentery through 
microscopic observations of the in vivo vessels, 
and for the myocardium by both anatomi- 
cal and microscopic observations (Fig 3 5) 
Briefly, blood flows generally from the arteri- 
oles directly into a metarteriole, and then into 
capillaries The metarterioles lead directly into 
channels which are mam thoroughfares from 
the capillary bed to the venules The true capil- 
laries concerned with interchange between 


blood and tissues are interanastomosing side 
branches of the main channels through the bed 
At the ostia of each capillary is a small precap 
illarv sphincter of smooth muscle which is con 
trolled by nerves presumablv from the svmpa 
thetu nerymus system, m the same manner that 
these nerves control the arterioles and metar 
terioles In the body, the metarterioles and 
their precapiilarv sphincters undergo periodic 
contractions at intervals of 15 sec to 3 mm 
When the tissue is in a resting state, the con 
stricter phase ot this rhvthm predominates and 
the precapiilarv sphincters mav be completely 
closed When the tissue becomes active, the 
dilator phase of the metarterioles predominates 
and the piecapillarv sphincters are open Thus, 
in skeletal muscle, it is believed that the in 
crease in blood flow with exercise comes in 
large measure from this opening up of large 
numbers of additional capillaries It is believed 
that the factors that affect the degree of con 
striction and relaxation of the metarterioles 
and the precapiilarv sphincters during vasomo 
tion are the same factors that affect arteriolar 
diameters These are the nervous and hormonal 
stimuli and local conditions in the tissues 
Thus, sympathetic stimuli and epinephrine in 
the blood intensify the constrictor phase of vas- 
omotion in most areas of the body in the same 
manner that these two constrict the arterioles 
On the other hand, vasodilator substances de- 
crease the vasoconstrictor phase The signifi- 
cance and value of this arrangement generally 
to capillary beds and to overall circulatory dy- 
namics remains to be established 

Although controversy has raged for many 
years, at present it is believed that change m 
capillary diameter is on a purely passive basis, 

1 e , by change in intracapillarv pressure or m 
extravascular tissue pressure, supposedly, the 
active changes in capacity previously described 
by many workers is probably due to the activa- 
tion of smooth muscle whose presence was un- 
suspected at that time m the metarterioles and 
precapillary sphincters 

Capillary Exchanges. The hydrostatic and 
osmotic forces causing fluid exchanges across 
the capillary membrane are discussed on p 
3-148, and m chapter 12 of section 4 They ac- 
count for the net exchange, the “bulk flow”, 
m which noncolloidal plasma constituents 
move in and out of the capillary together The 
concept, known in classical forms as the Star- 
ling hypothesis, supposes that filtration occurs 
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at the arteriolar ends of capillaries and absorp- 
tion at the venular ends While this relation- 
ship may occur m a given capillary , a decrease 
in precapillary resistance mav increase pres- 
sure and flow so that filtration takes place 
along the entire length of a gi\en capillary 
Conversely, the capillary pressure mav be re- 
duced below that of colloid osmotic pressure 
so that the vessel acts entirely as an absorbing 
unit 

Such bulk flow explains fluid shifts between 
the plasma and extracellular compartments 
However, it contributes little to the actual rate 
of exchange of materials between plasma and 
interstitial fluid Diffusion is the prime deter- 
minant of transcapillary exchanges and for a 
given solute may proceed along a concentration 
gradient in a direction opposite to net bulk 
flow 

Veins Since the systemic veins contain such 
a large proportion of total blood volume, the\ 
must function as blood reservoirs The re- 
sponses by which they may counteract dis- 
tending forces and thus prevent excessive 
pooling of blood have been of great interest and 
have been documented in animals and human 
experiments As the venules merge to form 
larger veins, they acquire a layer of connective 
tissue and then distinct muscle fibers These 
vessels have a larger blood content than the 
corresponding arteries Their walls are also 
much thinner and contain less elastic tissue but 
have a rather well- developed muscular coat 
When the volume of blood in a normally par- 
tially collapsed vein is augmented, the intravas- 
cular pressure barely increases until the vein 
becomes round and has a certain degree of full- 
ness The volume increase up to this point is 
similar to the filling of a collapsible tube 
without distending the walls True distension 
now occurs when further volume increments 
lead to an elevation of intravascular pressure 
(Fig 3 27) Veins excised or within the orga- 
nism have a very low distensibility when the 
increase in volume is rather rapid With pro- 
longed elevation of intravenous pressure, there 
IS a delayed compliance or passive yielding of 
the venous walls which is attributed to the vis- 
coelastic properties of the smooth musculature 
Thus, although initially the low distensibility of 
veins may prevent blood pooling, the delayed 
compliance favors it It is estimated that the 
ability of the venous system to take up blood is 
at least 100 times that of the whole circulatory 


system Thus, if 1000 ml of blood is transfused 
in a human, about 990 ml will reside in the 
extra-artenai or lov pressure system, and 10 
ml in the arterial system 
The diameter of these venous capacitance 
yessels may be changed either passu eiy by ex- 
ternal forces (gravity, respiration, or pressure 
breathing) or actively by contraction or relaxa- 
tion of their walls There is considerable evi- 
dence to indicate that the venous svstem (in- 
cluding the pulmonary system) behaves some- 
what like an elastic bag For example, change 
in posture has no particular effect on their state 
of contraction when human subjects are bled 
or transfused with about 500 ml of blood the 
pressures in the central veins, the pulmonarv 
artery, and left atrium rise and fall in parallel 
as the blood volume is changed b\ bleeding or 
transfusion (Fig 3 28) 

While this leads to the conclusion that the 
venous system operates in a passive manner, it 
must also be emphasized that this mav be true 
only if the induced changes m central blood 
volume are moderate or gradual and not in the 
nature of emergency reactions It is easv to 
demonstrate that a fixed pressure- volume rela- 
tionship need not applv to the veins and ven- 
ules for thev are the most sensitiv e ot ail y es- 
sels to ail types of mechanical, chemical, and 
temperature impacts For example, the trauma 
attendant to dissection or to needle insertion 
mav completely close a medium-sized vein In 
addition, they are supplied with vasomotor 
nerves through the action of which the distensi- 
bility and capacity of the venous system can be 
actively and greatly changed This provides a 
means by which the volume of the venous 
system can change within wade limits without 
significant corresponding changes in venous 



Fig 3 27 Venous distensibility patterns with different 
degrees of vasomotor tone (Alexander 1954b) 
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Fig 3 28 Effects of changing total blood volume (by 
transfusion (+•) or bleeding ( )) upon aortic (A P ) pulmo 
nary artery (PAP) left ventricular diastolic (L V D P ) and 
central venous pressures (C V P ) (Gauer and associates 
1956) 

pressure Such innervation has been demon- 
strated for the vena cava and veins of the hind 
limb and mesentery in animals Active contrac- 
tion or relaxation of the venous smooth muscle 
(venoconstriction or dilation) can be elicited by 
activation of local stretch receptors in the ve- 
nous walls, and reflexly by activation of the 
baroreceptors (stretch receptors) in other veins 
and in the aorta and carotid arteries, by hy- 
poxic stimulation of the caroti^d chemorecep- 
tors, and by direct local action of adrenergic or 
cholmergic substances (Fig 3 27) The reflex 
venoconstriction produced by carotid artery 
occlusion in dogs can be abolished by the ad- 
ministration or reserpine or guanethidme, sug- 
gesting that these reflexes are mediated 
through the sympathetic nervous system Reflex 
venomotor activity has also been measured in 
normal subjects by means of pressures devel- 
oped within isolated segments of superficial 
veins An arm superficial vein segment without 
tributaries is temporarily isolated by applying 
pressure at the segment ends so that the 
volume IS held constant and vein contraction 
can be reflected by an increase m pressure 


which IS recorded continuously by an in 
dwelling needle connected to a pressure ma 
nometer Changing from the supine to the erect 
posture results in venoconstriction, as indicated 
bv an increase of the venous pressure within 
the isolated segment, on resuming the supine 
position venodilatation occurs Reduction of the 
circulating blood volume by means of phlebot 
omy also produces an increase of the venous 
tone Strong contractions are caused by the 
Valsalva maneuver, cold, exercise, and hyper 
ventilation Persons with postural hypotension 
or with absent circulatory reflexes (as in tabes 
dorsalis) show little or no segment or central 
venous response to these stimuli, indicating 
impaired reflex venomotor activity Although 
the entire venous bed may be regarded as a 
large variable blood depot, the central systemic 
veins constitute the most important part of this 
depot for supplying the right heart It is esti 
mated from observations m dogs that the pres 
sure-volume curve of the venae cavae in the 
intact living dog can be varied by 15 to 20 
times and with only a small effect on venous 
pressure This means that translocation of large 
volumes of blood to the pulmonary and sys 
temic arterial circuit is easily effected 

VELOCITY CHANGES 

In Different Vessels (Fig 3 2B) Just as the 
cross-sectional area vanes greatly in different 
parts of the cardiovascular system, so does the 
velocity of blood flow Since the velocity of flow 
IS inversely proportional to the cross-sectional 
area of the vessel through which it flows, ve- 
locity will be maximal in regions of the circula- 
tion with the smallest total cross-sectional area 
Hence, the blood velocity in the aorta is the 
most rapid of that in any part of the body, but 
even here the average velocity of about 40 
cm /sec , is low In the capillaries, it is least, at 
about 0 07 cm /sec This slow rate of passage in 
the peripheral capillaries, of course, provides 
time for the exchange of materials across the 
capillary membranes or walls After passing 
mto the veins, the blood again accelerates as 
the cross-sectional area progressively decreases 
However, since the caliber of the veins is larger 
than that of the corresponding arteries, the ve- 
locity of venous blood flow never becomes equa 
to that of the artenal blood and generally 
equals about one-fourth of that m the arteries 
For example, the flow of blood along the two 
venae cavae which together have a cross-sec- 
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tional area some four times as great as that of 
the aorta, is only about 8 to 10 cm /sec under 
resting conditions 

Although the average blood velocity is low 
the peak velocity of blood flow may be high 
since this changes greatly from moment to 
moment during each heart beat in the systemic 
arterial system In the ascending aorta near the 
aortic valves, the peak velocity during systole 
may be 120 cm /sec , during most of diastole, 
the velocity may approximate zero Further 
down the thoracic aorta and in the abdominal 
aorta, the small backflow present in the as- 
cending aorta at time of closure of aortic valves 
is greatly accentuated and extended, while for- 
ward flow during diastole is increased In the 
major aortic branches these violent fluctuations 
of velocity, although somehwat damped, are 
largely retained However, except for the coro- 
nary, femoral, and axillary arteries, backflow 
disappears, and the flow curve is often pat- 
terned after its corresponding pressure pulse 
At the capillary level, these fluctuations in ve- 
locity are pretty well removed so that a smooth 
rate of flow is attained In the venules and as 
the veins become larger, fluctuations or varia- 
tions in the velocity of flow again reappear In 
the venae cavae near the right atrium, blood 
velocity may become much greater during ven- 
tricular systole than during its diastole, indi- 
cating that contraction of the myocardium itself 
draws blood toward the heart, not to be con- 
fused with VIS a f route or cardiac suction (see 
p 3-103) During inspiration, the whole flow 
curve in the venae cavae is greatly elevated 

Across a Blood Vessel Finally, the velocity of 
flow will vary in different portions of the cross- 
sectional area of a blood vessel, especially in 
the larger vessels (Fig 3 29) In the larger ves- 
sels there is a cylindrical layer of blood which 
adheres to the vessel wall and wets it Inside 
this motionless layer is another cylindrical fluid 
layer which flows and rubs against it, and in- 
side this there is another flowing faster, and so 
on, until the central axial core of blood is 
reached which has the maximum velocity In 
arterioles and vessels of quite narrow caliber, 
red cells are concentrated pretty much in the 
axial part of the blood stream so that plasma 
flows along the walls As a result, the red cells 
move faster than plasma by a significant 
amount, and hence, the hematocrit in capil- 
laries IS somewhat less than that of the larger 
vessels The effect of this is, of course, to 
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change the distribution of the velocity m the 
various parts of a cross-section of such a vessel 

The flo\v of blood is laminar or streamlined 
in most portions of the circulatory tree Vl^en 
the velocity of flow is increased above some 
critical level turbulence develops 

Reynolds' or Random Turbulence The fac- 
tors determining whether flow is laminar or 
turbulent include the average velocity of flow, 
i’ (cm /sec ) the vessel diameter, D (cm ), the 
density of the fluid, p (about 1 05 g /cm ^ for 
blood) and the viscosity of the fluid, rj (about 
0 035 to 0 05 poise for blood) The conditions 
required for laminar flow to become turbulent 
can be defined when a dimmsionless quantitv 
known as Reynolds' number, exceeds a 
critical value in accordance with the followung 
relation 

Revnolds’ number = Nfi = v Dp/rj 

The critical value of Reynolds’ number for 
blood flowing through rigid tubes is approxi- 
mately 2000 In man this value is not exceeded 
in most parts of the circulation (see Table 
3 4), except in the aorta and pulmonary^ artery 
where values of 3600 to 5800 or higher mav be 
reached (Schultz et al , 1969) High rates of 
flow (as m exercise) or decreases in viscosity 
(eg, in anemia) favor turbulent flow, since 
cardiac murmurs may be heard over these large 
vessels during systole in high flow states or 
anemia, they have been attributed to turbu- 
lence However, it is doubted that random tur- 
bulent flow can produce sufficient acoustic en- 
ergy to be audible at the thoracic surface 

Aeolian Tones or Fluttering Turbulence and 
Vortex Formation The forces which produced 
the musical tones of ancient wind harps of the 
Greeks probably account for murmur produc- 
tion (Bruns, 1959) As fluid flows past an ob- 
struction or through a stenotic area, vortices or 



Fig 3 29 Schematic representation of the variable 
velocity of blood flow in vessels Flow is fastest in the 
central axial stream and progressively decreases to zero at 
the vessel wall 
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swirls are iormed which pass downstream as a 
fluctuating wake Such periodic wake fluctua- 
tions generate vibrations in the audible fre- 
quency range This kind of tuibulence, lather 
than the random turbulence of Re\nolds\ prob- 
ably accounts for most cardiovascular murmurs 

PRESSURE CHANGES 
Kinetic and Potential Eners^n Lateral and 
End Pressure Of the energv' developed bv the 
left ventricle, more than 98S is normalK in the 
form of potential energv, IC or less as kinetic 
energv^ When the left ventricle pmmps out 
blood, it increases the radius and length of the 
aorta and its large branches to store potential 
energv as tension in the arterial walls Because 
of the motion (velocity) of the blood during 
ejection, a certain amount of kinetic energv is 
also transferred to the blood During exercise 
with a very large cardiac output or in the pies- 
ence of aortic stenosis, as much as 10 to bOC of 
the energv' expended bv the heart is used for 
increasing blood velocity Ultimately, however, 
most of the potential energv is changed to ki- 
netic energv to produce flow through vascular 
elements, and then is finally dissipated as heat 
thiough fru'tion The kinetic energv' of flow can 
have a real effect on intravascular pressure 
This can be demonstrated bv inserting into the 
flowing bloodstream small catheters or cannulas 
connected to pressure manometers (Fig 8 80) 
With the catheter opening pointing upstream, 
end pressure or potential energv is measured, 
with the opening at right angles to direction of 
flow, lateral pressure or the pressure actually 
pressing on the vessel is measured In the ves- 
sels of humans, end pressure and lateral pre^s- 
sure are almost equal except in the aorta and 
its immediate branches m which the kinetic 
energv is sufficiently high from prevailing blood 
velocity to cause the lateral pressure to be sig- 
nificantly lower, i e , lateral pressure is in- 
versely proportional to the blood velocity (Ber- 
noulli! effect) At rest, the average aortic lateral 
pressure is about 1 mm less than the end pres- 
sure, with exercise, the difference might be 15 
mm Hg If one is recording phasic aortic pres- 
sure throughout the cardiac cycle, then with 
exercise the lateral pressure might be 40 mm 
Hg less than the end pressure during the period 
of rapid blood ejection (first third of systole) 
Ultimately, most of the potential energy is con- 
verted into kinetic energy m producing flow In 
this exchange no energy is lost However, as 



Time (seconds) 

Fig 3 30 Reproduction from original record of lateral 
upstream and downstream phasic pressure patterns taken 
at the subclavian level in the aorta of a large open chest 
doq by means of three strain gauges adjusted to identical 
zeros and sensitivities The patterns and pressure values of 
the three curves are almost identical at systolic pressure 
139 mm Hg diastolic pressure 115 mm Hg heart rate 
1 50 mm 

blood progresses from the aorta to the atrium, 
the intravascular pressure decreases to very low 
values This permanent loss of energy or pres 
sure arises from fluid friction developed within 
the vessels with gradual change of energy into 
heat 

In different vehsels (Fig 3 2C) Pressure m 
the aortic arch reaches a maximum during mid 
systole, and a minimum at the end of diastole 
The numerical difference between these pres 
sures IS called the '‘pulse preSvSure ” Similarly, 
pressures m the thoracic and abdominal aorta 
and their major branches, i e , the carotid, the 
radial, and especially the femoral, show that 
the values for the systolic pressure increase and 
those for diastolic pressure decrease, i e , pulse 
pressure increases In still smaller arteries, the 
pulse pressure progressively diminishes, systolic 
pressure falling more than diastolic However, 
this does not represent a frictional loss of en 
ergy hut merely a replacement or shift m the 
temporal relations of preasure during a cardiac 
cycle, since the mean pressure, for example, m 
the femoral arteries is close to that m the aorta 

As the arteries divide and subdivide, the cal- 
iber of the individual vessels diminishes and 
the pressure gradients become correspondingly 
steeper, particularly m the arterioles and capil- 
laries Not only is the pressure gradient steeper, 
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but the oscillations of pressure during a cardiac 
cycle are reduced to a minimum at the time the 
arterioles are reached At the arterioles there is 
a pronounced decrease in pressure gradient, a 
second abrupt decrease in the capillaries with 
almost no residual pressure fluctuations A 
more gradual pressure decline occurs m the 
venules and veins until a negative pressure is 
actually reached in the central veins owing to 
the effect of the subatmospheric pressure within 
the thorax 

Functional Characteristics of the 
Pulmonary Circulation 

In many respects the pulmonary vascular bed 
{pulmonary artery through pulmonarv veins) is 
similar to the systemic circuit but certain dif- 
ferences deserve emphasis The pulmonarv cir- 
culation IS a low resistance circuit, arterioles 
being essentially absent, the pulmonary vessels 
supply only one type of tissue (alveoli) so vaso- 
motor requirements are low, pulmonary blood 
volume IS less than that in the systemic circuit, 
extravascular conditions (within the thoracic 
cage) are fairly uniform (Fig 3 31) 

The mam pulmonary artery and its branches 
are structurally similar and of about the same 
or slightly larger diameter than the aorta, but 
their walls are one-third the thickness and their 
branches are much shorter and of very small 
capacity Small arteries in both systems have 
thick muscular walls Arteries less than 0 1 
mm in diameter are endothelial tubes without 
muscle There are no vessels corresponding to 
arterioles, i e , no small bore high resistance 
vessels The capillaries are somewhat larger, 
appear to take off very densely from the above 
endothelial tubes, and have multiple anasto- 
moses There are numerous AV shunts The 
pulmonary veins are short and contain less 
blood than the systemic veins 

The pulmonary artery and pulmonary bed m 
general are many times more distensible than 
the systemic portion of the arterial circuit and 
probably represent the most distensible part of 
the low pressure system Simultaneous pressure 
and diameter measurements of the main pul- 
monary artery m living, thoracotomized dogs 
show a linear relationship over relatively wide 
ranges of pressure up to 50 cm water The 
pressure and diameter pulse contours are al- 
most identical, indicating minimal mertance 
and viscous resistance of the vessel wall In vivo 


pressure-\olume cur\es of the entire pulmonary 
vascular bed and of the pulmonarv veins (and 
left atrium) have prettv much the shape of ve- 
nous pressure volume curves m the relaxed 
state (Fig 3 31) The blood volume of the pul- 
monarv system is only about 10 V of the total 
blood volume of which about 60 to 80 ml is m 
the capillaries, and the rest is m the major 
arteries and veins Since the pulmonary vessels 
are a low pressure distensible system, a minute 
increase m outflow pressure at the left ventricle 
or an increase m pressure at the right ventricle 
results in a sizeable accumulation of blood in 
the lungs Thus, the blood volume of the pul- 
monarv vascular bed has an important reservoir 
function and is about the most important depot 
for supplying the left heart 
The pulmonarv circulation has been consid- 
ered as a variable blood reserv^oir which serves 
to supply the left ventricle with a steady supply 
of blood, thus buffering changes in venous re- 
turn to the right heart It was believed to func- 
tion more or less passively to shifts in blood 
volume caused b\ systemic venoconstriction, 
changes in blood volume and variations in ven- 
tilation This is an oversimplicication (Heine- 
mann and Fishman, 1969) The pulmonarv cir- 
culation is under sympathetic control and as 
sympathetic tone increases, the compliance of 



Fig 3 31 Pressure volume relationship of the pulmo- 
nary vascular bed Injections and withdrawals made at 10- 
sec intervals Dots pressures immediately after end of 
each injection Closed circles pressures 5 sec after end 
of each injection Triangles pressures immediately after 
each withdrawal From Sarnoff and Berglund 1952/ 
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the pulmonary vessels decreases This improves 
pulsatile blood flow transmission from right to 
left ventricle (see p 3-125) Changes m tone of 
the pulmonary vascular tree, thus, play a role in 
maintaining appropriate delivery of blood to 
the left ventricle and are probably more impor- 
tant than reservoir function in rapid circulatory 
regulations In pathological conditions, the 
blood reservoir function is obvious Thus in left 
heart failure pulmonary blood volume in- 
creases, while it diminishes in h 3 ^ovolemic 
shock 

Since the stroke volume and mean velocity of 
flow are almost identical in the aorta and pul- 
monary artery, the kinetic energies of the two 
bloods are the same, but because the potential 
energy imparted to the blood by the right ven- 
tricle IS much less, the kinetic factor is a 
greater proportion of the energy output of the 
right ventricle Phasic variations in blood flow 
velocity are possibly even more marked in the 
pulmonary artery than in the aorta In contrast 
to the systemic circulation, a markedly pulsatile 
flow is retained m the pulmonary capillary bed 
during rest and after exercise During systole, 
blood is accelerated in the right ventricle and 
pulmonary artery by contraction of the right 
ventricle The blood gams kinetic energy or 
energy of motion As blood distends the arterial 
tree, the latter acquires potential energy (elas- 
tic and hydrostatic) At the same time, en- 
ergy IS partially dissipated by resistance to sys- 
tolic flow in the small vessels During diastole 
the potential energy in the arterial tree is partly 
lost in hysteresis, and the remainder is dissi- 
pated m elastic recoil as blood flows through 
the resistance of the small vessels By the end 
of diastole, the pressures m the vascular bed 
are almost equilibrated and capillary flow prac- 
tically ceases 

The resistance to blood flow in the pulmo- 
nary circulation is about one-thirteenth that of 
the systemic circulation This is because there 
are no high resistance arterioles, the pulmonary 
capillaries are large and very numerous, the 
pulmonary vessels are so easily distended pas- 
sively, and large portions of the pulmonary bed 
are only partially used normally The pressure 
pulsation in the pulmonary artery of 22/8 
(mean 13 mm Hg) is fairly well maintained m 
the capillary bed and pulmonary veins since the 
capillary flow is so pulsatile during a cardiac 
cycle However, the capillary pressure has not 
been directly measured Phasic pressures taken 
indirectly through a catheter passed through 


the pulmonary artery until it is “wedged” m its 
small branches have been assumed to represent 
“capillary” or left atrial pressures since the 
blood obtained through the catheter is well 
oxygenated However, what such recorded 
phasic pressure curves represent has never been 
clearly defined The pressure gradient through 
the pulmonary bed is quite small Its highest 
pressure (pulmonary artery 13 mm Hg mean) 
drops to about 7 mm Hg in the left ventricle at 
the end of diastole and at the site of outflow 
from the pulmonary circuit This pressure gra- 
dient of about 6 to 7 mm Hg causes to flow 
through the pulmonary circuit the same volume 
of blood as flows through the systemic system 
with a pressure gradient of about 90 mm Hg 

The capillary pressure in the pulmonary cir- 
culation is far lower than m most parts of the 
systemic circulation (e g , 7 mm Hg) while the 
plasma colloidal osmotic pressure is at its usual 
value (eg, 30 mm Hg) This has led to the 
postulate, supported by some experimental evi- 
dence, that a large negative interstitial space 
pressure (eg, — 15 mm Hg) must prevail to 
account for pulmonary capillary exchanges 
(Guyton, 1969) 

In addition to its function in blood gas ex- 
change and as a blood volume reservoir, the 
pulmonary circulation serves to filter the sys- 
temic venous blood Small foreign particles, 
blood clots and other types of emboli are 
trapped in the lungs when they are removed by 
proteolytic enz 3 nnes and phagocytosis Since 
the pulmonary arterial system and bronchial 
arterial system share a common capillary net- 
work, embolization of a small pulmonary artery 
does not ordinarily abolish the blood supply 
through alveolar membranes Thus, the af- 
fected lung tissue survives until the embolus is 
removed When large emboli occlude major 
arteries, the bronchial circulation is inadequate 
to prevent necrosis Since most emboli enter 
the systemic venous system, the filtering 
function of the pulmonary circulation protects 
such vital organs as the brain, heart, and kid- 
neys from embolic infarction White blood cells 
and platelets are also removed from the blood 
in the pulmonary circulation as are erythrocytes 
after incompatible blood transfusions 

Interrelation between Pressure, 
Flow and Resistance 

Hemodynamics is the study of the forces 
which cause, alter, and regulate the flow of 
blood through the body 
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A simple association of pressure and flow can 
obviously serve as an mdex of total peripheral 
resistance (TPR) to flow in the cardiovascular 
system, thus 

(Aortic Pressure Pulmonary artery pres sure) 
(Aortic flow Pulmonary artery flow) 

or to local resistance in single bed or organ, for 
example 

(Renal artery pressure) 

(Renal artery flow) 

Such measurements and calculations have been 
used extensively m recent years in clinical and 
experimental investigation and, especially in 
the aorta, to separate the resistance changes 
due to central or cardiac factors from those due 
to peripheral factors The architecture of the 
whole circulatory distributtmg system is such 
that the organs are supplied through many par- 
allel shunts In this the total peripheral resist- 
ance (TPR) is 

(1/TPR) = (1/rl) + (l/r2) + (l/r3) (l/r") 

but since the aorta supplies all the regions with 
pressure and flow, TPR can be calculated as 
mean aortic pressure divided by cardiac output 
(see p 3-192) A little reflection will indicate, 
however, that the resistance to flow can arise 
from active changes in the smooth muscle of 
the particular vascular bed m question, or it 
could be related to passive changes in the ge- 
ometry of the same vascular bed due to internal 
and external variations of the pressure The 
above approach does not permit separation and 
quantitation of active and passive changes in 
vessel size which is essential to the proper un- 
derstanding of pressure and flow relations In a 
modified form, some physical laws derived 
from hydrodynamics have application to the 
flow of blood, and they will be considered next 

POISEUI LIE'S LAW 

Generally stated, the volume {F) of blood 
flowing through a circulating system increases 
with the perfusing pressure (P) and decreases 
with the resistance (R) to flow as indicated by 
the equation F == P/R This is PoiseuiUe’s ex- 
perimental law which IS expressed in more de- 
tail as 

P = (Pi - Pa) irrySLv 

in which F is flow per unit of time, Pi is pres- 
sure at an upstream point in the tube, P 2 is the 


pressure at a downstream point in the tube, x 
IS 3 1416, r IS the tube radius, L is tube length, 
L IS fluid \iscosit\ Poiseuille’s experiments 
were based upon measurements of streamlined 
flow (nonturbulent) m nondistensible tubes 
with Newtonian fluids at constant temperature 
This means that flow is augmented by an in- 
crease m any factor m the numerator and de- 
creased by any factor m the denominator 
Thus, flow would decrease by one-haif if tube 
length IS doubled or if blood became twice as 
VISCOUS Blood IS caused to flow from one point 
to another in a tube by the difference of pres- 
sure between such points This means that 
doubling the pressure gradient (Pi — along 
the tube will double the flow Change of radius 
IS much more effective m changing flow, for 
doubling the radius will increase flow 16 times 

The resistance to flow, defined as the ratio of 
the driving force to the flow, is obtained by a 
rearrangement of the above formula in which 

P = (Pi - P2)/P = ^Lvhr* 

Resistance to flow is made up of two distinct 
factors These are the viscosity {v) or inner fric- 
tion of the fluid and the geometry of the tube 

{8L)/(xr^) 

which is made up of the radius and length Thus 
the terms on the right of the foregoing equation 
represent the frictional load affecting liquid 
flow through a straight, rigid, narrow tube In 
his system, the resistance was constant since 
both the viscosity and the geometry of the tube 
were unchanged and did not change with rate 
of flow or pressure A plot of flow versus pres- 
sure gave a straight line through the origin, and 
one of resistance vs pressure a horizontal 
straight line (Fig 3 32) 

APPLICATION OF POISEUILLE'S LAW TO 
THE CIRCULATION 

The applicability of this law in toto to the 
circulation depends upon whether resistance is 
independent of pressure and flow In the circu- 
latory system peripheral resistance is a measure 
of the totality of all factors affecting blood flow. 
These include change (decrease) in apparent 
blood viscosity (which is known to occur with 
increase in perfusion pressure, occasioned by 
the movement of the red cells to form a central 
axial rod) the existence of streamlined vs tur- 
bulent flow, the length of vessels and the cross- 
sectional areas of the blood vessels The latter 
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Pressure (mm Hg) 

Fig 3 32 The relationships of flow pressure and re- 
sistance in nondistensible tubes using Newtonian fluids 
{dotted lines) at constant temperature (Poiseulles law) 
and blood in vessels {solid lines) See text for details 

IS determined by the extravascular pressure 
provided by surrounding tissue, by mechanical 
dilation with rising perfusion pressure, by 
opening of new capillaries and vessels with 
change in metabolism and with rising perfusion 
pressure, and by active changes in the state of 


contraction of the muscular walls through vaso- 
motor nerves, humoral substances and meta- 
bolic products 

The flow-pressure curves obtained with blood 
in vascular beds (Fig 3 32) are quite different 
from those of the artificial system used in Poi 
seuille’s experiments The chief differences are 
the curves do not pass through the origin, and 
flow is insignificant until a critical level of pres- 
sure is attained (called by Burton the critical 
closing pressure) The curves for dilated vessels 
are almost Imear, but with increasing tone the 
curves become sigmoid and then convex to the 
flow axis At sufficiently high pressures, the 
curves tend to become straight lines pointing 
toward the origin The resistance is almost con- 
stant at high pressure but rises as the pressure 
is reduced to reach very high values near the 
critical closing pressure Such deviations could 
arise if 1 ) the geometric factor of Poiseuille’s 
law IS not constant but varies with the distensi- 
bility of the blood vessels, and 2) blood has 
anomalous viscosity so that the viscosity factor 
of Poiseuille’s equation varies with the rate of 
flow and, hence, the driving pressure While 
experimental evaluation is difficult, it does 
appear that vessel distensibility is the major 
factor responsible for the deviation of in vivo 
pressure-flow curves from Poiseuille’s law This 
in turn is related to the active tension or con- 
traction of smooth muscle in the vessel walls 
and to the combined effects of elastic and col- 
lagenous fibers m the architecture of the ves- 
sels 
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Weighing some 330 g and about the size of a 
large man’s fist, the heart is a four- chambered 
double pump Each 24 hr it contracts more 
than 100,000 times, pumping over 60 barrels 
(7200 liters) of blood 

Gross Structure 

Some of the important structural features of 
the heart are depicted in Figure 3 33A The 
fibrous skeleton (Fig 3 33jB, C) is a dense 
connective tissue framework separating the 
muscular layers of the atria from those of the 
ventricles It forms the annuli fibrosi, or fibrous 
rings, which surround the orifices of the aorta, 
pulmonary artery, and the atrioventricular 
valves These rings provide firm attachment 
sites for the valves of the heart and for the in- 
sertion of the cardiac muscles 

THE ATRIA 

The atria are relatively thin-walled structures 
which act as receiving chambers for the venous 
blood returning to the heart The myocardium 
IS disposed in two sheets A superficial or 
oblique sheet continues over both atria In- 
ternal to this are deeper layers, one for each 
atrium, in which the fiber bundles are arranged 
more or less at right angles with the superficial 
bundles Certain features of the atria which are 
of physiological significance are depicted in 
Figure 3 34 

Three functions are subserved by the atria 
(Mitchell and Shapiro, 1969) 1) elastic reser- 
voir and conduit from the venous bed to the 
ventricle, 2) booster pump action, enhancing 
ventricular filling and maintaining low mean 
atrial pressure, 3) atrioventricular valve closure 
before ventricular systole Following atrial con- 
traction, which increases ventricular pressure, 
pressure in the relaxing atria declines The re- 
sultant ventriculo-atrial pressure gradient aids 
or actually effects atrioventricular valve closure 
(Patterson et al , 1965) 


The pumping function of the atria is rela- 
tively unimportant at slow heart rates The 
ventricles fill, for the most part during the pe- 
riod when atria and ventricles are quiescent 
and venous blood flows into the heart as into a 
common chamber At the very end of this pe- 
riod, the atria contract and increase ventricular 
filling In normal subjects atrial contraction 
increases cardiac output from 15 to 20'^r and 
from 20 to 30 m patients with certain heart 
diseases (Benchimol, 1969) (see also p 3-104) 

THE VENTRICLES 

As can be seen from Table 3 5, the ventric- 
ular myocardial mass makes up most of the 
heart weight Four major bands of muscle may 
be identified by dissection (Fig 3 35) 1) the 
superficial sino spiral (with origin and insertion 
at the tricuspid valve ring), 2) the superficial 
bulbo spiral (with origin and insertion at the 
mitral valve ring), 3) deep smo spiral muscles 
which encircle both the ventricles, 4) deep 
bulbo spiral muscle fibers which encircle only 
the left ventricle 

The deep muscle fibers spiral very gradually 
so that they actually act as circular constrictor 
muscle fibers Although these muscular bands 
may be dissection artifacts, the transition of 
fiber direction from counterclockwise to clock- 
wise across the ventricular wall is clear (Grant, 
1965) 

When the ventricles contract during the so- 
called isovolumetnc contraction period, the 
chambers are closed and no reduction in heart 
volume occurs until the pressure is great 
enough to open the valves leading to the pul- 
monary artery and aorta During this period, 
the heart changes in shape from an ovoid to a 
more spherical form ^Then, as blood is ejected 
into the aorta and pulmonary artery, the trans- 
verse diameter decreases and the base of the 
heart moves downward, shortening the distance 
from base to apex Since the spiral muscles 
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Fig 3 33, A front view of the human heart B fibrous 
skeleton and valves of the heart viewed from above C 
spiral muscles of the ventricle (Redrawn from Truex 
1967) 

turn m opposite directions, there is little rota- 
tion of the heart with contraction, save for a 
slight turning to the right 

Thus, the volume of the left ventricle is re- 
duced by a decrease in the transverse diameter 
caused by shortening of the constrictor fibers 
and shortening of the base-apex diameter The 
left ventricle can be thought of as a cylinder 
which displaces volume by decreasing in height 
and by reducing its diameter This latter effect 
IS particularly effective owing to the constrictor 
effect of the deep muscular band 



Fig 3 34 Specialized structures and anatomical land- 
marks within the mammalian heart S N sinoatrial node 
P V pulmonary veins R A LA right and left atria 
IAS interatrial septum CS coronary sinus AVN 
atrioventricular node H B bundle of His R B LB right 
and left branches of the bundle of His I V S inter 
ventricular septum P M papillary muscle F T false 
tendon of the Purkinje network R V L V right and 
left ventricle (Redrawn from Schutz 1 958 ) 


Table 3 5 

Relative weights of the heart and various myocardial 
chamber walls 


Body weight 

54 7 kg 

Heart weight 

297 g 

Heart weight as percentage of 
body weight 

0 

Left ventricle 

85 5 g 

Right ventricle 

49 7 g 

Interventricular septum 

63 6 g 

Left atrium 

17 0 g 

Right atrium 

12 5 g 

Interatrial septum 

95 g 


After Bargmann, 1963 


The right ventricle is much thinner walled 
than the left ventricle (see Table 3 5) Its free 
wall IS moved toward the interventricular 
septum by contraction of the spiral muscles If 
the entire free wall of the right ventricle is ren- 
dered inactive by cai^r^zation, some reduction 
in volume will stilftake ipace^unng systole As 
the constrictor muscles of the left ventricle con- 
tract, the curvature of the septum is increased, 
pulling the free right ventricular wall toward 
the septum This process is called left ventric* 
uhr aid (See page 3-99 ) 
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Fig 3 35 Demonstration of the superficial and deep ventricular myocardial bundles (Robb and Robb 1942) 


ROLE OF THE PERICARDIUM 

The pericardium is a double-walled sac con- 
taining a few cubic centimeters of serous fluid 
which gives a smooth lubricated surface for the 
heart’s movements Although its potential 
volume IS larger than that occupied by the 
normal heart in diastole, still, after moderate 
enlargement of the contained heart, the intra- 
pericardial sac pressure rises greatly with small 
volume influence Thus, in the case of left ven- 
tricular stress and enlargement, the pericar- 
dium restrains diastolic expansion, especially of 
the right ventricle, and, therefore, limits right 


ventricular work This protects the left ven- 
tricle from overload and the pulmonaiy circula- 
tion from congestion The pericardium also 
protects against tricuspid or mitral valve regur- 
gitation at high ventricular filling pressures 
The value of these mechanisms is probably lim- 
ited to situations involving acute changes in 
heart volume, when cardiac enlargement de- 
velops more gradually, the pericardium follows 
suit and stretches to accommodate the larger 
contents Congenital lack of a pericardium is 
not uncommon in animals and humans who 
live to a ripe old age without evidence of car- 
diac distress 
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M^yocardaai Calls 

Functionally, there are two general types of 
myocardial cells cells specialized for impulse 
formation and conduction, and cells specialized 
for contraction Cardiac tissue is composed of 
discrete cells, each bounded by an intact 
plasma membrane However, these anatomi- 
cally distinct cells form a functional syncytium 
because of the presence of ‘‘tight” junctions 
characterized by low electrical resistance (see 
intercalated discs) These allow the passage of 
certain ions and perhaps small molecules from 
cell to cell 

The cells specialized for pacemaking and 
conduction functions are capable of generating 
spontaneous rhythmic electrical potentials 
Those specialized for contraction remain at rest 
until stimulated by a conducted impulse which 
has arisen elsewhere 

The individual myocardial cells in all mam- 
mals (mouse through whale) are about the same 
size (10 to 15 (x in diameter) Thus, the hearts 
of larger species are composed of many more 
cells than those of smaller species (Sommer and 
Johnson, 1970) 

PACEMAKER AND CONDUCTING CELLS 
Three types of cells specialized for impulse 
formation and rapid conduction have been de- 
scribed (James and Sherf, 1968) P cells, transi- 
tional cells, and Purkinje cells 
The P cells have been so named because 1) 
they are pale, 2) they are primitive *n internal 
structure compared to the more highly differen- 
tiated contractile cells, and 3) pacemaking ap- 
pears to be their primary function They are 
located in the sinoatrial and in the atrioventric- 
ular nodes These cells, on cross-section, are 
oval or rounded, in contrast to the elongated 
shape of other myocardial cells, and their sur- 
face is smooth They measure 5 to 10 ju in 
greatest diameter and contain relatively few 
intracellular organelles 

Transitional cells are slender and elongated 
They are both shorter and narrower than other 
myocardial cells Their internal complexity is 
intermediate between the P cells and the con- 
tractile myocardial cells They appear to form 
the only connection between P cells of the si- 
noatrial node and the remainder of the heart 
The Purkmje celh measure from 10 to 30 ^ 
in cross-section and 20 to 50 ^ m length They 
are shorter and broader than working my- 
ocardial cells and more commonly joined end to 
end, rather than side to side 


CONTRACTILE OR WORKING MYOCARDIAL 
CELLS 

These form the bulk of cardiac cells and are 
highly organized for their contractile function 
For the most part they are joined longitudinally 
in series with multiple cells forming the so- 
called myocardial “fibers” seen under the light 
microscope These “fibers” are m turn ar- 
ranged parallel to one another In contrast to 
skeletal muscle, they have many lateral and 
end to side connections joining the separate 
plasma membranes of each cell Unlike the 
sparse linear myofibrils of Purkmje cells and 
the sparse and randomly distributed myofibrils 
of P cells, the myofibrils of working myocardial 
cells are densely packed Individual cells are 
some 10 to 20 /x in diameter and 50 to 100 g in 
length 

Working myocardial cells are architecturally 
similar to skeletal muscle cells but exhibit a 
number of important functional and structural 
differences The major morphologic features are 
diagrammed in Figure 3 36 

Fiber, Fibril, and Filament. The my- 
ocardial cell is a specialized striated muscle cell 
containing a centrally located nucleus, a con- 
tinuous limiting plasma membrane (the sarco- 
lemma), and numerous contractile myofibrils 
which are separated by varying amounts of sar- 
coplasm A mucopolysacchande-rich basement 
membrane invests the sarcolemma of each cell 
The intercalated discs join individual cells end 
to end The term fiber is sometimes used to 
designate an individual myocardial cell but is 
more commonly' applied to a senes of cells 
joined end to end which thus form a long fiber 
The fibers are separated from one another by 
intercellular spaces containing collagen, fibro- 
blasts, and capillaries Individual cells fre- 
quently branch to interdigitate with adjacent 
fibers, forming a continuous network of cells 
Groups of muscle fibers are invested by sheaths 
of connective tissue separating them into long 
bundles Individual bundles also interconnect 
with other bundles The muscle fibers within a 
given bundle are parallel, but adjacent bundles 
may be oblique or transverse to one another 
The cells contain longitudinally arranged my- 
ofibrils which extend their full length and in- 
sert into the cytoplasmic surface of the interca- 
lated discs These multiple parallel myofibrils 
are cross-banded and each is divided into a se- 
nes of repeating units, the sarcomeres, the fun- 
damental structural and functional units of 




Fig 3 36 Structure of the myocardium as seen with light [upper] and electron (lower) microscopy In the diagram 
of a sarcomere the various structural features seen on longitudinal section are identified The sarcomere is delimited 
by two dark Z lines The I band is a region on either side of the Z line containing only thin actin filaments These extend 
into the lateral portions of the A band where they interdigitate with the thicker myosin filaments At the center of 
the A band is a dark line the M line flanked by two lighter areas the L lines This M-L complex is called the pseudo-H 
zone When the actin filaments do not penetrate as far as the M line the band where there is no overlapping of the actin 


and myosin filaments is designated the H zone This zone i 
Braunwald et al 1967) 

contraction These sarcomeres make up about 
one half of the cell mass and are aligned in 
transverse register, i e , the ends of the sarco- 
meres in adjacent fibrils are next to one another 
and are of the same length It is this arrange- 
ment which gives the fiber its banded or 
striated appearance under the light microscope 
The sarcomeres, in turn, are composed of fila- 


seen only when the sarcomere length exceeds 2 2 p (From 


ments (myofilaments) consisting of strands of 
contractile proteins 

The individual sarcomere is composed of a 
number of proteins, some as yet incompletely 
characterized The two primary and best de- 
fined components of the sarcomere are actin 
and myosin The sarcomere is delimited at ei- 
ther end by an amorphous, dark transverse 
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septum called the Z line The area between two 
Z lines IS composed of mterdigitated thick and 
thin myofilaments which overlap in such a way 
as to produce the alternating light and dark 
transverse bands The distance between two Z 
lines varies between 1 5 and 2 2 /i, depending 
on the overall muscle length At the center of 
the sarcomere, a broad dark band of constant 
width (1 5 fi), called the A band, is found This 
is formed by parallel ranks of thick (100 A) 
myosin filaments which are located m the cen- 
tral portion of each sarcomere On either side 
of the A band are two lighter bands, termed 
the I bands, which are of variable width These 
are formed by longitudinally oriented parallel 
ranks of thin (50 A) actin filaments which ex- 
tend from each Z line toward the center of the 
sarcomere Where they meet the myosin fila- 
ments of the dense A band, the two types of 
filaments are mterdigitated for a variable 
length depending upon the state of contraction 
In the midportion of the A band, where there is 
no overlapping of thin and thick filaments, a 
lighter H zone occurs The central portion of 
the A band is bisected by a dark line, the M 
line, which is flanked by two lighter areas, the 
L lines This central area of the A band is 
called the M-L complex or pseudo- H zone 
Thus, the sarcomere consists of an orderly array 
of partially overlapping rodlike myofilaments 
These myofilaments are of fixed length but the 
sarcomere may change its length during con- 
traction and relaxation through an interaction 
of the actin and myosin filaments These slide 
past one another producing a greater or lesser 
degree of overlapping 

The myofilaments are made up of aggregates 
of contractile proteins Actin is composed of 
two linear chains of globular sub-units wound 
around the other in a helical arrangement (see 
Fig 3 37) The myosin units are held together 
by a lateral arrangement of cross linkages 
which make up the centrally located M band 
Each myosin subunit is rod shaped with a glob- 
ular enlargement at one end They are lined up 
in the myosin filament with the globular por- 
tions clustered at either end and the rods oc- 
cupying the central part of the filament (Fig 
3.37) The globular ends of the myosin mole- 
cules consist of the more rapidly sedimenting 
heavy meromyosin which contains both the 
ATPase and actin-binding sites of myosin 
These rounded subunits of heavy meromyosin 
are thus arranged at either end of the thick 



Fig 3 37 Diagram representing the arrangement of 
actin and myosin in the sarcomere The Z bands probably 
are made up of a lattice like arrangement of tropomyo 
sin The subunits of actin are globular and linked in two 
strands which form a double helix In cross-sections at 
each pitch of this helix is seen the globular end of a myo 
sin filament consisting of heavy meromyosin The sub 
units comprising each myosin filament are lined up with 
the globular portions clustered at either end and the 
rods occupying the central part of the filament Cross 
bridge formation during contraction probably occurs at 
these sites The M band at the center of each sarco 
mere is a system of cross links which fix the myosin units 
in position (Redrawn from Legato 1 969 ) 

myosin filament such that one projects as a 
cross-bridge just under each pitch of the actin 
helix Cross-bridge formation occurs at these 
active sites of the two filaments, and sequential 
making and breaking of these interconnections 
produces the sliding of actm along myosin 
which occurs m muscular contraction When 
heavy meromyosin is applied to isolated actin 
filaments they become aligned in a reproduc 
ible configuration indicating that both actin 
and myosin filaments have polarity In sarcom- 
eres it IS thought that the actm filaments are so 
arranged that the polarity of the filaments is 
reversed on either side of the Z band This ori- 
entation would give direction for cross-bridge 
formation between the myofilaments so that 
the actm strands at either end of the sarcomere 
can only move toward one another This ar- 
rangement permits shortening of the sarcomere 
when sequential making and breaking of cross 
linkages occurs during contraction 
Since it has been observed that both the 
thick and thin contractile filaments of the sar- 
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comere are constant in ien^h at rest and 
during contraction, these mterdigitatmg fila- 
ments must slide over one another when short- 
ening and lengthening occurs During contrac- 
tion the actin filaments travel farther into the 
A band The A band remains constant m 
length while the I bands become shorter as the 
Z lines move toward one another 

In vivo, the mechanisms involved in excita- 
tion and contraction require the presence of at 
least two other proteins called modulatory pro- 
teins (tropomyosin and troponin) The func- 
tions of these proteins will be discussed later 
under the heading “Contractile Proteins ” 

Intercalated Discs. Adjacent cells m a se- 
nes are joined by specialized, paired membrane 
junctions, the intercalated discs The transverse 
portions of these discs are at right angles to the 
muscle fibers They are located at the ends of 
cells and always at the level of a Z line These 
cell boundaries follow a zigzag path neigh- 
boring transverse segments are often connected 
by a longitudinal segment which runs the 
length of a sarcomere to the next Z line, thus 
forming steps between certain cells The inter- 
calated discs constitute structural cell bounda- 
ries so that the myocardium is not a true ana- 
tomical syncytium However, since there is low 
electrical impedance between the cells (Weid- 
mann, 1966) and the attachments at the inter- 
calated discs are firm, the myocardium func- 
tions as a syncytium both mechanically and 
electrically 

Cell Junctions, lliree types of junctional 
specializations form the intercalated disc 
(McNutt, 1970) 1) The Macula Adherens or 
Desmosomes These are dense, paired sarco- 
plasmic bodies found opposed on either side of 
the intercalated disc, not m relation to myofi- 
brils They seem to form an area of strong 
adhesion between the adjacent cells 2) The 
Fascia Adherens This structure is generally 
larger than the macula adherens and occupies 
the major part of the transverse segments of the 
intercalated disc The thin actin filaments of 
the I band insert into the fascia adherens The 
thin myofilaments do not appear to insert into 
the maculae adherentes The fascia adherens 
appears to provide adhesion between adjacent 
cells and a locus for insertion of myofilaments 
on either side of the intercalated disc Thus, 
together with the maculae adherentes, these 
structures provide for mechanical attachment of 
adjacent cells, allowing the transmission of con- 


tractile force from cell to cell 3) Nexus Nex- 
uses or “tight junctions” are generally found iii 
the lateral portions of the disc No filaments in- 
sert into them and they seem to be out of the 
direct line of tension exerted by myofilaments 
The plasma membrane of one cell comes into 
contact with that of the adjoining ceil at the 
nexus Nexuses appear to serve as efficient 
low-resistance pathways for electrical con- 
duction between the cells 

Mitochondria. The mitochondria or sarco- 
somes are remarkably numerous, making up 
from 25 to 30% of the myocardium They are 
the major sites of oxidative phosphorylation, in 
which energy provided from substrate oxidation 
IS converted to adenosine triphosphate, the 
source of energy for cell function 

Sarcoplasmic Reticulum. The sarcoplasmic 
reticulum of cardiac muscle differs from that of 
skeletal muscle in several ways The two sys- 
tems are compared diagrammatically in Figure 
3 38 The first element, termed a transverse 
component or T system, consists of relatively 
thick-walled transverse tubules formed by in- 
vaginations of the sarcolemma which extend 
into the myocardial fiber Invaginations of the 
sarcolemma, continuous with the T system, 
are seen located at the level of the Z line Al- 
though the T tubules are usually found at the 
level of the Z lines, T tubules may be disori- 
ented to run longitudinally m the fibers (Tice, 
1967) Thus, the membrane forming the T 
tubule is continuous with the sarcolemma 
and the lumen of the tubule is in direct connec- 
tion with the extracellular space The second 
component is termed the longitudinal system 
or L system It consists of a senes of anas- 
tomosing thin-walled tubules which invest 
the sarcomere These tubules form a complex 
reticulum of anastomosing intracellular chan- 
nels having no direct contact with the cell 
exterior It will be noted in Figure 3 38 that 
the T tubes of cardiac cells are considerably 
largeinQi^iTiiibse found in skeletal muscle and 
thieir ‘ relafionSiip to the longitudinal tubular 
sj^tem IS dissimilar The relationship between 
the T and L systems in cardiac and skeletal 
muscle is depicted in Figure 3 39 The cardiac 
sarcotubules form a less constant anS^^^Sedict- 
able pattern than those of skeletal muscle The 
latter form repeating units which are contained 
between two Z bands of a single sarcomere and 
have a fene8trate3l^Stefh™ariGe”cenfrarportion 
m the region of the M band (Fig 3 38 jB) Car- 
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Fig 3 38 Diagrams of the tubular systems in skele 
tal (A) and cardiac {B) muscle In cardiac muscle the 
T-tubules are larger than in skeletal muscle and the 
lateral sacs differ in shape and wrap partly around the 
T-tubule The fenestrated central cistern at the M band 
of skeletal muscle is absent in cardiac muscle and the 
branching of the longitudinal tubules is more irregular 
(Redrawn from Legato 1969 ) 



DIAD 

CARDIAC MUSCLE 


Fig 3 39 Diagrammatic concepts of triadic and diadic 
relationships in cardiac and skeletal muscle sarcomeres 
(Redrawn from Legato 1969) 

diac muscle sarcoplasmic reticulum has no pre- 
dictable central modification and one or more 
tubules often pass over the Z band into the 
next sarcomere Skeletal muscle sarcotubules 
end in a terminal dilatation, the lateral sac, 
whereas in the myocardium the longitudinal 
tubules usually divide into two arms which 
are wrapped around the transverse tubules 
The reticular tubules from adjacent sarcomeres 
thus flank a large central tubule forming the 
so-called triad In some cases only one lateral 
sar cotubule is apposed to the T vesicle form- 
ing a died 

The T system is thought to play a role in two 
important functions the conduction of excita- 


tory electrical impulses from the cell surface 
membranes into the depths of the cell to the 
contactile system and m the distribution of 
substrates to the cell interior and the removal 
of metabolic end products The longitudinal 
system is thought to function in the storage, 
release, and uptake of calcium ions which are 
responsible for initiating myofibril contraction 
and relaxation The juxtaposition of the T 
system with the L system has suggested the 
hypothesis that the depolarizing impulse travels 
along the transverse tubule from the outer cell 
membrane, triggering release of calcium from 
stores within the longitudinal tubular system 
The calcium then diffuses into the myofibril, 
activating contraction Sarcoplasmic reticulum 
fragments are known to accumulate calcium in 
vitro It IS thought that they do this during con 
traction, thus lowering the ionic calcium avail- 
able to act on myosin filaments, hence leading 
to relaxation 

In summary, the myocardial cell consists of 
four major functional elements a contractile 
element, the myofilament, an intracellular nu- 
tritive and energy producing organelle, the 
mitochondrion, an electrolyte transport system, 
the sarcoplasmic reticulum, and an organizer, 
the nucleus 

CONTRACTILE PROTEINS 

Four ma)or contractile proteins have been 
extracted from myofibrils of cardiac muscle 
myosin, actin, tropomyosin, and troponin (Katz, 
1970) There is considerable evidence that 
other proteins, as yet unidentified, are present 
in the contractile apparatus of cardiac muscle 
However, only the four proteins mentioned 
have clear roles in the contractile process Tro- 
ponin may consist of two distinct proteins The 
approximate concentrations of these major con 
tractile proteins m the myocardium are given 
in Table 3 6 

Contractile proteins of the heart convert the 

Table 3 6 ^ 

Approximate concentrations of major contractile proteins 
in the myocardium expressed as grams/kilogram of net 
weight 


Myosin 

35 

Actm 

15 

Tropomyosin 

5 

Troponin 

2 5 


Katz, 1970 
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chemical energy of substrate metabolism into 
the mechanical energy of contraction Adjust- 
ments of cardiac contractile strength result 
from changes in the interactions between the 
contractile proteins induced by physical and 
chemical factors The heart normally behaves 
as a syncytium, responding to a single stimulus 
with activation of all myocardial fibers In con- 
trast to skeletal muscle, myocardial contraction 
cannot be altered by variations in the number 
of motor units activated nor by incomplete or 
complete summation (tetanus) dependent upon 
nerve impulse frequency Tension development 
and shortening of myocardial fibers are de- 
pendent on two factors the resting length of 
the sarcomeres (the Frank- Starling mechanism) 
and changes in the chemical environment of 
the proteins during contraction The length 
dependent changes are related to physical alter- 
ations in the positions of the contractile pro- 
teins within the sarcomere at the onset of sys- 
tole Changes in the chemical environment, 
such as alterations in the concentration of cal- 
cium ions or catecholamines, can alter tension 
development in the absence of changes in sar- 
comere length 

Myosin is the chief constituent of the thick 
filament of striated muscle, both cardiac and 
skeletal Two high-molecular weight compo- 
nents having different sedimentation velocities 
can be identified by the analytical ultracentri- 
fugation These two components have been des- 
ignated meromyosms The more rapidly sedi- 
menting heavy meromyosin possesses both 
ATPase activity and the ability to bind actin 
Light meromyosin, the less rapidly sedimenting 
component, possesses neither ATPase nor 
actm binding activities Heavy meromyosin is 
the only myofibrillar protein which, under ordi- 
nary physiological conditions, is an active 
ATPase The ATPase activity of cardiac 
myosin is similar to that of red skeletal muscle 
myosin and both are less active than that of 
white skeletal muscle myosin The units of 
heavy meromyosin are arranged at either end 
of the myosin filaments and project laterally to 
form the cross-bridges which are visible under 
the electronmicroscope The rod-shaped portion 
of these myosin subunits consists of the lighter 
meromyosin which occupies the central part of 
the filament 

Actin IS the major protein of the thin fila- 
ments It exists in two states G-actin (G = 
globular) is the monomer which is stable in so- 


lutions of low ionic strength, and F-actin (F = 
fibrous) is a polymer of G-actin monomeres 
which IS formed on addition of salts Tropomy- 
osin makes up about 10 to 12^1 of the myofi- 
bnllar protein of cardiac muscle It resembles 
the structure of the Z line m muscle but the 
location of tropomyosin has not been conclu- 
sively demonstrated, although it appears to be 
located in the thin filaments (actin filaments) 

It plays a role in modulating the interaction 
between actin and myosin 

Troponin sensitizes the interaction between 
actin and myosin to the effect of the calcium 
ion released during excitation-contraction cou- 
pling Like tropomyosin, it is believed to be 
associated with the thin (actin) filaments of 
cardiac muscle 

Unpublished experiments b> R E Davies 
and A Delluva have shown that, in the turtle 
heart, ATP is used for contraction Thus, the 
enzymatic activity of myosin is central to the 
conversion of chemical energy to mechanical 
energy during muscle contraction, since ATP is 
the immediate source for the chemical energy 
utilized in contraction Calcium ions strongly 
stimulate while magnesium ions inhibit the 
ATPase activity of cardiac myosin If both 
magnesium and calcium salts are present to- 
gether, the inhibitory effects of the magnesium 
predominate, so that magnesium ions strongly 
inhibit the calcium activated ATPase activity 
of cardiac myosin 

MODULATORY PROTEINS 

Tropomyosin and Troponin. In vitro com- 
binations of purified cardiac actins and 
myosins possess the contractile properties of 
myofibrils They hydrolyze ATP and can un- 
dergo physicochemical changes in vitro which 
probably represent the contractile process of 
living muscle However, the mechanisms repre- 
senting the final stages in excitation-contrac- 
tion coupling require the presence of tropomy- 
osin and troponin in the actomyosin gel 

The presence of troponin and tropomyosin is 
necessary for the sensitization of reconstituted 
actomyosin to the physiological actions of cal- 
cium ions The most significant action of tropo- 
myosin IS the inhibition of the interaction be- 
tween actin and myosin 

Tropomn and Sensitization of Actomyosin 
to Calcium. Calcium sensitization of acto- 
myosin requires the presence of both troponin 
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and tropomyosin and neither protein itself pos- 
sesses this activity The sensitization of acto- 
myosin to calcium ions appears to result from a 
primary interaction of the tropomyosin-tro- 
ponin complex with actin in which troponin 
strengthens the binding of tropomyosin to F- 
actm Troponin has now been identified as the 
calcium receptive protein in cardiac muscle 
In addition to the four contractile proteins 
mentioned in the foregoing, several other pro- 
teins and protein complexes have been pre- 
pared from muscle Two of these, a-actimn and 
/^-actinin, appear to play a role in the structural 
interactions of the thin filaments and the Z line 
m sarcomeres, rather than modulating actin- 
myosin interaction Both are postulated to be 
involved in some way with the determination 
of myofilament length and sarcomere structure 
and possibly play a role in the production of 
new sarcomere units (Legato, 1970) 

DIFFERENTIATION 

The adult myocardium, while consisting 
mainly of cardiac muscle cells, is a heteroge- 
neous tissue containing many other cell types, 
e g , Purkinje fibers of the specialized conduc- 
tion tissue, fibroblasts, nerve fibers, phago- 
cytes, vascular endothelium and smooth muscle 
cells, squamous or low cuboidal cells of the epi- 
cardial epithelial sheet, and endothelial cells of 
the endocardium 

The developing myocardium is derived from 
embryonic splanchnic mesoderm and, initially, 
consists entirely of developing striated muscle 
cells Thus, it is originally an epithelial tissue, 
containing only developing myocytes Following 
development of the epicardium and endocar- 
dium, mesenchymal cells appear These non- 
muscular components are probably fibroblasts 
denved from the endocardium or epicardium 
Early cardiac myocytes contain few fibrils 
and large amounts of cytoplasm More fibrils 
form as development proceeds, the cytoplasm 
decreases and the fibrils become aligned in 
parallel pattern The term myoblast designates 
presumptive muscle cells as yet morphologically 
undifferentiated, i e , cells which have not yet 
acquired myofibrils Once myofibrils are pres- 
ent, the cells are termed myocytes The fibril to 
cytoplasm ratio of cardiac myocytes increases 
dunng embryogenesis until the myofibnls oc- 
cupy most of the cell volume These early my- 
ocytes are epithehal cells on the basis of them 


ultrastructure and organization Large amounts 
of glandular endoplasmic reticulum are seen 
within the cytoplasm Such endoplasmic retic- 
ulum IS largely responsible for the production of 
protein destined for extracellular use, and it 
has been suggested that these cells have a secre- 
tory or glandular function Thus, in the young 
heart wall, the myocardium may be described 
as a contractile glandular epithelium The glan- 
dular endoplasmic reticulum diminishes as the 
myocytes mature However, a little later, the 
secretory function is again evident m some ven- 
tricular myocytes m the form of dense particles 
within the Golgi lamellas, suggesting that this 
cell type may retain a secretory function 
throughout life (see p 3-1 15) 

At the time of the first heart beat (in the 
chick embryo), well-developed fibrils con- 
taining organized myofilaments and Z bands 
are present 

The myofibrils in early cardiac myocytes are 
randomly oriented Later, by an unknown 
mechanism, they align themselves m parallel 
along the same axis In well organized cells, the 
Z lines are at right angles to the bundles of 
myofibrils and the latter insert with an angle of 
approximately 90° into the intercalated discs 
These early changes are illustrated in Fig 3 40 

Development of Specialized Pacemaking 
and Conducting Fibers. Little evidence is 
available on the embryological development of 
the specialized pacemaking and conduction 
tissue (sinoatrial node, atrioventricular node, 
bundle of His, and Purkmje network) of the 
adult heart (Lieberman, 1970) Morphological 
findings and physiological evidence (transmem- 
brane potential characteristics) support the 
hypothesis that remnants of the sinus venosus 
and primitive atrial canal (atrioventricular 
ring) are the precursors of the adult sinoatrial 
junction, atrioventricular node, and bundle of 
His The Purkinje network is thought to origi- 
nate from strands of primordial myocardial 
tissue pulled out into fascicles by the growing 
ventricular wall However, corroborative struc- 
ture-function studies to establish the origin of 
the His-Purkinje system are lacking 

Noumuscular Components of Cardiac 
Tissue. Initially, the myocardium is a pure 
population of muscle cells The nonmuscular 
components arise from other sources The ap- 
pearance of the epicardium and endocardium is 
associated with the entry of nonmuscular ele- 
ments, such as fibroblasts, into the myocardial 
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Fig 3 40 Differentiation of cardiac myocytes Three 
stages in early development of myocardial cells are 
diagrammed As maturation proceeds the cells become 
less rounded the number of fibrils increases and their 
alignment becomes more regular Then more and more 
myofibrils appear and intercalated discs form and are 
oriented at right angles to the fibrils The sarcoplasm is 
crowded out by the myofibrils becoming restricted to the 
region at the nuclear poles Mitochondria line up m rows 
between the fibrils and desmosomes appear at lateral 
cell borders (Redrawn from Manasek 1970) 

tissue, apparently, they are derived from the 
endocardium and epicardium. 

Properties of Myocardial Cells 

CONDUCTIVITY 

Myocardial cells possess the functional char- 
acteristic of conductivity, i e , they are capable 
of transmitting action potentials Although in- 
dividual cells are separated by plasma mem- 


branes, the impulse can pass from ceil to cell, 
presumably through the specialized junctions 
known as “tight junctions” or nexuses (q v ) 

CONTRACTION 

The only important function of the heart is 
that of a muscular pump Contraction of the 
myocardium differs from that of skeletal muscle 
in several respects as follows 1) the individual 
cells, while anatomically discrete, transmit 
impulses across the cell boundaries and thus 
behave as a functional syncytium A stimulus 
above threshold thus initiates a transmitted 
impulse which excites all myocardial libers, 
producing an “all-or-nothing” response of the 
entire myocardium 2) The active state (q v ), 
and duration of contraction are longer 3) The 
refractory period is longer and myocardial cells 
can neither be summated temporally nor tetan- 
ized 4) The rate of force development during 
contraction is slower and velocity of shortening 
IS slower 5) The maximum tension developed 
per unit of cross-section of muscle is only to 
Vi that of skeletal muscle 

The physiological features distinguishing 
cardiac from red and white skeletal muscle are 
outlined m Table 3 7 Tension development in 
skeletal muscle is regulated by the frequency of 
motor nerve impulses (temporal summation, 
tetanus) and by variations in the number of 
muscle units activated during a single contrac- 
tion Cardiac muscle is not organized on a 
muscle unit basis (nor are individual muscle 
fibers directly innervated), and behaves as a 
physiological syncytium so that all myocardial 
cells are activated during each contraction in 
an “all-or-none” fashion Further, under physi- 
ological conditions, myocardial cells cannot be 
summated temporally nor can they develop te- 
tanic contraction 

When compared with certain types of smooth 
muscle on the one hand and red and white 
skeletal muscle on the other, myocardial cells 
have structural and functional features more 
closely alhed to those of smooth muscle and red 
skeletal muscle than to white skeletal muscle 
Smooth muscle cells are relatively poor in my- 
ofibrils, are often arranged as a syncytium and 
contract slowly. Similarly, red skeletal muscle 
IS richer in sarcoplasm than white skeletal 
muscle and contracts more slowly than the 
latter Cardiac muscle, like certain types of 
smooth muscle, is arranged as a functional syn- 
cytium and IS rich in mitochondria like red 
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Table 3 7 

Regulation of contraction in cardiac and skeletal muscles 


Mechanism 

Cardiac Muscle 

Red and White Skeletal Muscle 

Ability to summate responses to rap- 

None 

Marked 

idly delivered stimuli 

Ability to vary the number of active 

None 

Marked 

muscle fibers 

Ability to alter contractility 

Marked 

Little 

Ability to alter contractile response by 

Present functions at short 

Present functions at long and 

changing of initial fiber length 

sarcomere lengths 

short sarcomere lengths 


From Katz 1967 


skeletal muscle The abundant mitochondria of 
both red skeletal muscle and cardiac muscle 
regenerate ATP by oxidation of fats and, to a 
lesser extent, carbohydrates There is much less 
reliance on phosphagen stores (creatine phos- 
phate) White skeletal muscle regenerates ATP 
through the less efficient pathways of anaerobic 
glycolysis, utilizing as its major energy source 
creatine phosphate These various features 
which smooth muscle and red striated skeletal 
muscle share with cardiac muscle correlate with 
functional similarities, e g , smooth muscle, red 
striated muscle, and cardiac muscle contract 
more slowly and engage in more sustained ac- 
tivity than white skeletal muscle 

Cardiac contraction or systole results from 
the aggregate shrinking of individual sarcom- 
eres In accordance with the sliding-filament 
concept of Huxley, the thin actin filaments, 
which are anchored in the substance of the Z 
line at either end of the sarcomere and inter di- 
gitate with the thicker myosin filaments, move 
toward one another during contraction Neither 
the thick nor the thin filaments shorten during 
contraction 

EXCITATION AND THE MEMBRANE 
SYSTEM OF CARDIAC CELLS 

As in all excitable cells, excitation is medi- 
ated in myocardial cells by depolarization of 
cell membranes (sarcolemma) The sarcolemma 
in turn gives rise to the intercalated disc and 
the transverse tubular system The intercalated 
disc IS made up of multiple convolutions 
formed of adjacent sarcolemmal membranes 
The transverse tubular system consists of sarco- 
lemmal invaginations which extend from the 
cell surface throughout the entire thickness of 
the myofibril 


The intercalated discs contain tight junctions 
of low electrical resistance, which permit rapid 
transmission of depolarizing impulses from cell 
to adjacent cell The transverse tubular net- 
work extends the extra cellular compartment to 
all levels of the myocardial cell, shortening dif- 
fusion distance from cell exterior to structures 
m the cell interior Depolarization and repolari- 
zation can occur in intimate association to in- 
tracellular structures Thus, the transverse tu- 
bular system is considered an active part of the 
myocardial cell membrane providing for the 
transmission of excitation throughout the fiber 
and a potential pathway for the diffusion and 
exchange of substances between the intra- and 
extracellular spaces The longitudinal sarco- 
plasmic tubular system, on the other hand, 
does not open to the cell exterior At the level 
of the I band and Z line the tubules and ex- 
panded ends of the intracellular longitudinal 
tubular system form mtimate contacts as de- 
scribed in the foregoing 

EXCITATION-CONTRACTION COUPLING 

Ionic calcium appears to be the link between 
excitation and contraction The subcellular sar- 
coplasmic reticulum is known to accumulate, 
store, and release calcium within the muscle 
cell This tubular network envelops the entire 
circumference of the myofibril and extends 
throughout the sarcomere 

The lateral sacs of the longitudinal sarco- 
plasmic tubular system are found in close asso- 
ciation with the transverse tubules (diads and 
triads), along the sarcoplasmic membrane at 
the outer cell surface, and all along the course 
of the intercalated disc Electron microscopic 
studies have shown that the lateral sacs are 
storage depots for calcium It is hypothesized 
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that membrane depolarization in all of these 
areas releases calcium ions from lateral sacs, 
thus freeing them for interaction with the con- 
tractile proteins 

In white skeletal muscle it is generally agreed 
that the source of calcium ions mediating exci- 
tation contraction coupling lies within the 
muscle cell, associated with the sarcoplasmic 
reticulum In the resting state, this system 
sequesters (binds) calcium within the cell but 
outside the region occupied by the contractile 
proteins Upon excitation, this calcium is re- 
leased into the cell interior and becomes avail- 
able for binding to troponin In skeletal muscle 
it IS unlikely that an influx of calcium at the 
ceil surface membrane during depolarization 
could contribute importantly to excitation-con- 
traction coupling because the interval between 
excitation and contraction is too brief to permit 
calcium to diffuse to the troponin calcium 
binding sites In the myocardium, in which the 
cells are smaller, the development of the active 
state (q V ) is slower and the action potential 
longer It is not possible to exclude calcium in- 
flux from the surface membrane as a source of 
calcium ions for excitation contraction cou- 
pling Very likely, net calcium fluxes main- 
tained over a long period of time are respon- 
sible for some of the changes in myocardial 
contractility Further, phasic calcium move- 
ments across the sarcolemma likely cause beat- 
to-beat changes m intracellular calcium ion 
concentration responsible for excitation-con- 
traction coupling The existence of the system 
of intracellular vesicles and tubules in cardiac 
muscle similar to the sarcoplasmic reticulum of 
white skeletal muscle implicates these struc- 
tures in the release of calcium ions for excita- 
tion contraction coupling in the heart How- 
ever, the_sa ^plasmic retic ulum-azLjEar^^ 
muscle IS relatively sparse as compared with 
white skeletal muscle Further, less calcium is 
accumulated by cardiac muscle after glycerol 
extraction than is the case in skeletal muscle 
and less calcium-sequestering activity is present 
m cardiac microsomes than in skeletal micro- 
somes Thus, changes in transcellular calcium 
flux, as well as release of calcium from the sar- 
coplasmic reticulum, appear to have a role m 
excitation contraction coupling 

The amount of calcium released from the 
sarcoplasmic reticulum during any given con- 
traction may determine the proportion of tro- 
ponin molecules receiving calcium ion and thus 


govern the strength of myocardial contraction 
Transcellular calcium flux appears to play a 
role in determining contractility by this mecha- 
nism However, it is not clear whether calcium 
exchanges across the cell surface act during 
each contractile cycle or determine, on a long- 
term basis, the amount of membrane-bound 
calcium that may be released during each sys- 
tole 

In h^art muscle, calcium deprivation does 
not abolish th^ action potential but does 
abolish c'ontractidn In skeletal muscle, absence 
of calcium prevents both electrical and mechan- 
ical response to stimulation Thus, calcium is 
required m skeletal muscle for action potential 
generation In resting skeletal muscle, almost 
all calcium is sequestered in the reticulum and 
the concentration of calcium in the sarcoplasm 
is almost zero In skeletal muscle, the calcium 
involved in contraction comes from the lateral 
sacs of the sarcoplasmic reticulum An influx of 
calcium from the extracellular medium is unim- 
portant In heart muscle, however, part of the 
calcium involved in the contractile response 
comes from a superficial layer or from the ex- 
tracellular medium while the remainder is from 
an intracellular site, probably the sarcoplasmic 
reticulum 

Less calcium uptake activity is present in the 
cardiac microsomal (mitochondrial) fraction 
than m skeletal muscle microsomes However, 
this capacity is more than sufficient to consider 
mitochondria as a source for adequate calcium 
release to saturate all calcium-bindmg sites that 
control the actm-myosm interaction Whether 
the calcium affinity of cardiac microsomes is 
sufficient to bind calcium rapidly enough to 
account for the rapid calcium removal causing 
relaxation is uncertam It is possible that mito- 
chondria, which have been shown to have a 
capacity to take up calcium, may play a role in 
the relaxation process However, the evidence 
that uptake and release of calcium by my- 
ocardial mitochondria play a significant role in 
cardiac excitation-contraction coupling is not 
conclusive 

How calcium ions cause sarcomeric short- 
ening IS somewhat speculative Katz (1970), has 
proposed a model which defines the interac- 
tions between the four proteins myosin, actin, 
tropomyosin, and troponin (Fig 3 41) The in- 
teraction between actm and myosin is regu- 
lated by the amount of lomc calcium made 
available for binding to troponin The calcium 
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ered the sub-cellular system which produces 
contraction, regulates tension, and achieves 
relaxation These various iunctions are summa 
rized in Figure 3 42A and B 

In summary, it is thought that the depolar 
izing impulse travels along the sarcolemma and 
is propagated throughout the cell via the T 
tubular network Depolarization of the mem- 
branes of the lateral sacs associated with T 
tubules and those beneath the sarcolemma re- 
sults in calcium ion release Calcium ions in- 
duce interaction between actm and myosin and 
contraction results Relaxation is the result of 


Fig 3 41 Possible interactions between the two 
contractile proteins actm and myosin and the two modu 
latory proteins tropomyosin and troponin Upper in the 
resting state (diastole) tropomyosin is depicted as the 
interaction inhibitor Lower during systole addition of 
calcium abolishes inhibition of the actm myosin interaction 
by the tropomyosin-troponin complex This appears to 
result from binding of calcium to troponin and an action 
of troponin and tropomyosin together Release of inhib- 
itory action of modulatory proteins permits the ATPase 
stimulating and physicochemical interactions between 
actm and myosin to proceed The active state is estab 
lished and the muscle shortens Maximal shortening 
velocity (V^max ) appears to be governed by the rate at 
which actin-activated myosin cross-bridges hydrolyze 
ATP Maximum tension {Pq } seems to be determined by 
the number of interacting sites between actm and myo- 
sin (Redrawn from Katz 1970) 


A 

Z BAND SARCOLEMMA 



acts to release an inhibitory action of the tropo- 
myosm-troponin complex upon reactive sites on 
the actm molecule The latter is then able to 
interact with myosin It is assumed that the ini- 
tial action of calcium is to induce a conforma- 
tional change in the troponin molecule This, m 
turn, leads to a reversal of the inhibitory action 
of tropomyosin, possibly through a troponm- 
tropomyosm interaction Thus, calcium permits 
release of the inhibitory action of the modula- 
tory proteins, allowing the ATPase-stimulatmg 
and physicochemical interactions between actm 
and myosin to occur These events establish the 
active contractile state required for muscle 
shortening This speculative explanation is 
schematized m Figure 3 41 
The contractile event depends on the pres- 
ence of calcium and relaxation upon its re- 
moval When calcium ions are removed from 
the area of the myofilaments, cross-bridge for- 
mation between actm and myosm ceases and 
the sarcomere returns to its resting length 
Thus, the sarcoplasmic reticulum with its 
ability to bind, transport, and resequester cal- 
cium in an inactive site (lateral sac) is consid- 


B 

MORPHOLOGIC SYSTEM MECHANISM PHYSIOLOGIC EVENT 


Transmits 

Transverse Depolari/ing 

Tubular - - ImpuLo Excitation 

System Throughout s 

Muscle Fiber I 


Lateral -- Calcium Release — ... . . Link 


Actm Myosin T 

Sarcomere Interaction In Contraction 

Presence Of 
Calcium 


Sarcoplasmic Calcium Removal 

Reticulum ■ , From — ^ Relaxation 

Tubules Actm Myosin 

Complex 

Fig 3 42 A Subcellular systems involved in exci 
tation-contraction coupling and relaxation The depol 
arizing impulse travels over the sarcomeric membrane 
and along the T-tubule membrane into the depths of the 
cell Depolarization causes calcium ion release from 
storage depots of the lateral sacs Calcium ions bind 
with troponin of the tropomyosin-troponm complex and 
somehow abolish the inhibitory effect of these modula 
tory proteins on the interaction between actm and myosin 
and contraction occurs Relaxation occurs when this 
freed calcium is removed by being taken up again by the 
lateral sacs B, the events of excitation contraction coupling 
are summarized in this table (Redrawn and modified 
from Legato 1969) 
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sarcotubular removal of calcium from the area 
of the myofilaments 

ACTIVE STATE 

The active state represents a capacity of the 
contractile element to shorten and do work but 
not the transformation of this into external 
mechanical performance (Holland and Saba- 
tini- Smith, 1969) The mechanical output of a 
strip of cardiac muscle dunng a single contrac- 
tion IS only an indirect representation of the 
degree of activity of the contractile component 
itself The external manifestation of activity is 
dependent on the stretching of the series com- 
ponent and IS delayed Hill used the term ‘‘ac- 
tive state” to designate the degree of activity of 
the contractile unit It may be expressed as a 
maximal isometric tension that the contractile 
unit is able to develop or just bear without 
lengthening at a given moment To measure 
the active state, recording must be arranged 
such that no movement of the senes elastic 
element occurs Then the capacity to shorten 
and do work is translated into mechanical per- 
formance Study of the active state in cardiac 
muscle depends on indirect methods such as 
the “quick release” method of Jewell and 
Wilkie (1958) The shortening velocity of the 
contractile unit at various moments after stim- 
ulation can be determined by this method The 
speed of shortening at any given moment is 
proportional to the ability of the contractile 
unit to develop tension 

The active state is much longer in the heart 
than m the skeletal muscle In rabbit papillary 
muscle (at a contraction frequency of 30 
beats/mm at 30° C) , the intensity of the active 
state IS maximal about 60 msec after stimula- 
tion, and activity begins to decline at about 100 
msec The active state has diminished to ap- 
proximately 80% of the peak value at the time 
of the maximal isometric tension (Holland and 
Sabatmi -Smith, 1969) 

An inotropic change of the myocardium may 
be achieved by an alteration of either two pa- 
rameters of the active state its intensity or its 
duration A reduction of the duration of the 
active state will decrease the height of the con- 
traction by giving the contractile unit less time 
to stress the series elastic component Thus, 
decreased or increased duration of active state 
results in reduction or lengthening, respec- 
tively, of the time to peak tension A change in 
intensity of the active state wiU produce a 


symmetrical .alteration m the height of the iso- 
metric contraction curve 

METABOLISM AND ENERGETICS 

Under normal circumstances, myocardial 
cells operate almost exclusively on an aerobic 
metabolic system which provides the constant 
supply of high-energy phosphate bonds for 
mechanical and chemical work 

In Table 3 8 are listed various metabolic sub- 
strates together with their percentage contribu- 
tion to myocardial oxygen usage Under normal 
conditions the major fuel for cardiac metabo- 
lism IS free fatty acids Glucose and lactate are 
also important contributors while ammo acids, 
ketones, and pyruvate make lesser contribu- 
tions 

Olson and Piatnek (1959) divided myocardial 
metabolic processes into three phases (see Fig 
3 43) energy hberation, energy conservation, 
and energy utilization 

1) Energy liberation or production is the con- 
version of the energy of substrates (e g , fatty 
acids, glucose, lactate) into the energy of the 
high-energy phosphate compounds, adenosine 
triphosphate (ATP) and creatine phosphate 
(CP) 

2) Energy conservation or storage is the 
steady state concentration of ATP and CP in 
the heart 

3) Energy utilization is the rate and effi- 
ciency of conversion of this chemical energy to 
the mechanical energy (work) of cardiac con- 
traction The major intermediary metabolic 
pathways of myocardial cells are diagrammed 
in Figure 3 44 Note that the mitochondria 
(sarcosomes) are the sites of the major aerobic 
or oxidative processes upon which the heart 

Table 3 8 

Percentage contribution of various metabolic substrates to 
total myocardial oxygen usage 


Carbohydrate Noncarbohydrate 


Glucose 

17 90% 

Fatty acids 

67 0% 

Pyruvate 

0 54% 

Ammo acids 

5 6% 

Lactate 

16 46% 

Ketones 

4 3% 

Total 

34 90%« 

Total 

76 9%» 


° The total is more than 100% because some of the 
substrates removed from the blood, in amount meas- 
ured by the arteriovenous differences, were stored by 
the heart or not completely metabolized 
From Bing, 1955 
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Figure 3 43 The three phases of myocardial energetics Energy coupling points affected by hypoxia include (1) 
oxidative phosphorylation (2) actomyosin ATPase (3) ATP energized calcium pump of the reticulum (4) troponin 
tropomyosin-calcium system for regulating contractility and (5) ion pumps in the cell membrane Cit citrate a Keto 
alpha ketoglutarate Succ succinate Fum fumarate Mai malate Ac CoA acetyl CoA OAA oxalacetate CP 
creatine phosphate ATP adenine triphosphate ADP adenosine diphosphate (Olson et a/ 1971) 


depends primarily for energy Myocardial cells 
differ from white skeletal muscle cells in having 
a much higher concentration of mitochondria 
In some myocardial cells the mass of mitochon- 
dria equals that of the myofibrils 
In white skeletal muscle the major metabolic 
pathways are anaerobic while in red skeletal 
and cardiac muscle they are aerobic, thus ac- 
counting for the high concentration of mito- 
chondria in the latter muscle types 
In cardiac muscle during the energy libera- 
tion phase, the major myocardial substrates 
(see Table 3 8) are metabolized to the two- 
carbon molecule, acetyl- coenzyme A, which 
enters the citric acid (Krebs) cycle in the mito- 
chondria Then follows the step-wise release of 
carbon-hydrogen bond energy 
In the second, or energy conservation phase, 
the energy release through hydrogen or its elec- 
tron IS transferred into the bonding energy of 
the high-energy phosphate bond (~P) through 
oxidative phosphorylation This process occurs 
in the mitochondria also The lesult of oxidative 
phosphorylation in the mitochondria is the 
formation of creatine phosphate (CP), adeno- 
sine monophosphate (AMP), adenosine diphos- 
phate (ADP), and adenosine triphosphate 
(ATP) 

The third, or energy utilization phase, occurs 
when ATP is hydrolyzed by adenosine triphos- 


phatase to ADP and inorganic phosphate (Pj) 
at the time of muscular contraction ATP is the 
immediate source of energy for muscular con- 
traction and other chemical cellular processes 
such as modifying substrates, producing glyco- 
gen, synthesizing lipids and proteins, and 
maintaining ionic concentration gradients 
across the cell membrane The relationships 
between these biochemical events, myocardial 
contraction, and cellular maintenance are dia- 
grammed in Figure 3 45 The physicochemical 
interaction of actm and myosin utilizes ATP 
The latter is then replenished from high phos- 
phate bonds from creatine phosphate (CP) or 
from the electron transport chain The in- 
creased amounts of adenosine diphosphate 
(ADP) and inorganic phosphate (Pj) resulting 
horn muscular contraction act to stimulate oxi- 
dative phosphorylation, the citric acid cycle 
and glycolysis This increases high-energy phos- 
phate bond production High levels of ATP 
depress these processes Thus, the relative 
levels of ADP and Pj on the one hand and ATP 
on the other serve as a regulatory feed-back 
control governing aerobic mitochondrial proc- 
esses leading to the production of high-energy 
compounds Creatine phosphate (CP) functions 
as a small but immediately available source of 
high-energy phosphate bonds 
To understand the dependence of cardiac 
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Fig 3 44 Schematic diagram of a myocardial cel! illustrating the major pathways of cardiac metabolism Most 
substrates are taken up more or less m proportion to their arterial concentration above their extraction threshold 
The major reactions of glycolysis which are anerobic take place in the sarcoplasm (cytoplasm) The mitochondria are 
responsible for the major aerobic or oxidative processes including the oxidation of free fatty acids (FFA) the citric 
acid cycle which utilizes acetyl Coenzyme A (acetyl CoA) from many sources and the complex respiratory chain or 
electron transport chain (ETC) which oxidizes reduced flavin and adenine coenzymes formed in the citric acid cycle 
The process of oxidative phosphorylation results in the formulation of adenosine triphosphate (ATP) and creatine 
phosphate (CP) ATP is the immediate source of energy for muscular contraction and for many chemical reactions 
while CP serves as a reservoir of high energy phosphate bonds FFA are metabolized predominantly in the mitochon- 
dria to acetyl CoA which enters the citric acid cycle The contribution of lipoprotein triglycerides to the fatty acids 
metabolized by the heart is uncertain Glucose is transported across the cell membrane under the control of insulin 
and IS then phosphorlyated in the cytoplasm by hexokmase to glucose-6-phosphate (G-6-P) a reaction which utilizes 
one high energy bond from ATP In the subsequent steps in the metabolism of G-6-P to pyruvate each molecule of 
G-6-P yields 4 high energy phosphate bonds however one of these is used in the important and rate-limiting phos 
phorylation of fructose-6-phosphate to fructose- 1 6-diphosphate by phosphofructokinase Lactate is normally taken 
up and converted to pyruvate which is then converted to acetyl-CoA to enter the citric acid cycle The enzyme phos- 
phorylase which exists in two forms catalyses the reaction glycogen -f Pi -^glucose- 1 -phosphate which is then 
changed to G-6-P to enter the glycolytic pathway Hypoxia inhibits many mitochondrial functions including the ETC 
and the citric acid cycle, with a resultant decrease in CP and ATP Hypoxia also stimulates glycogenolysis glycolysis 
and uptake of glucose Excess pyruvate produced during hypoxia is released by the heart as lactate The metabolism 
of large amounts of FFA or ketone bodies increases the intracellular concentration of citrate which inhibits phos- 
phofructokinase and therefore glycolysis and the uptake of glucose Abbreviations NAD nicotinamide-adenine 
dinucleotide NADH reduced nicotinamide-adenine dinucleotide, NADP nicotinamide-adenine dinucleotide phosphate 
FAD flavin-adenine dinucleotide Red reduction Ox oxidation (From Schlant 1970) 


muscle on the continual oxygen supply, it is 
useful to compare the patterns of energy pro- 
duction and utilization with those of red and 
white skeletal muscle (Katz, 1970) The heart, 
like red skeletal muscle is organized to main- 
tain its work over long periods of time without 
rest, both of these types of muscle rely upon 
oxidative metabolism for ATP regeneration 
and have little ability to function anaerobically 
or to incur oxygen debt This is in contrast to 
white skeletal muscle which is organized for 
brief bursts of intense activity followed by pe- 
riods of relaxation The substrates, metabolites, 
pathways of intermediary metabolism, and in- 
tracellular energy reserves of the two types of 


muscle are strikingly different (Table 3 9) 
Cardiac muscle derives its energy mainly from 
oxidative metabolism It contains large num- 
bers of mitochondria which are rich m the en- 
zymes of the citric acid cycle and oxidative 
phosphorylation The myoglobin content is 
large, favoring oxygen diffusion into the fiber 
In white skeletal muscle the chief source of en- 
ergy comes from the metabolism of carbohy- 
drates (glycogen, glucose) During activity, 
these substrates are not oxidized to carbon di- 
oxide and water Rather, lactic acid is pro- 
duced and an oxygen debt develops The en- 
zymes catalyzing aerobic glucose utilization and 
anaerobic glycolysis are more abundant in 
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PROCESSES 

Fjg 3 45 Diagram of mechanochemical coupling in cardiac muscle The interaction of actin and myosin during 
contraction is initiated by Ca release (left hand panel initial process) and utilizes ATP through Coupling A Ox 
idative phosphorlyation provides for the formation of creatine phosphate (CP) and adenosine triphosphate (ATP) CP 
serving as a reservoir for high energy phosphate bonds available for ATP resynthesis Oxygen utilization is related to 
CP and ATP synthesis through Coupling B Oxygen is also consumed in various cellular maintenance processes 
(Redrawn from Braunwald et al 1967 ) 


Table 3 9 

Energy sources for contraction of red and white skeletal and cardiac muscle 


Energy Source 

White Skeletal 

Muscle 

Red Skeletal and 
Cardiac Muscle 

Major substrates 

Carbohydrate 

Lipid 

Major metabolic pathways 

Anaerobic 

Aerobic 

Major products of metabolism 

Lactic acid 

CO.andH^O 

Oxygen debt on activity 

Significant 

Minor 

Reserve of phosphate bond energy 
(phosphocreatine) 

Significant 

Minor 

Ability to function in the absence 
of oxygen 

Good 

Poor 


From Katz, 1967 


white skeletal muscle Cardiac muscle is richer 
in enzymes providing for the oxidative metabo- 
lism of pyruvate, succinate, and acetoacetate 
The heart is specialized metabolically to func- 
tion aerobically, requiring a continual oxygen 
supply and large numbers of mitochondria 
White skeletal muscle can contract in the ab- 
sence of oxygen, utilizing anaerobic carbohy- 
drate metabolism and its large phosphocreatine 
reserve However, it needs a recovery period 
during which its glycogen and creatine- 
phosphate reserves are replenished by oxidation 
of lactic acid. Only under anaerobic conditions 
does the heart utilize glycolysis and deplete its 
slender creatinephosphate reserve Thus, the 


heart, like red skeletal muscle, depends upon 
oxidative metabolism for ATP regeneration 
and requires a steady supply of oxygen 

The energy utilization phase of cardiac and 
red skeletal muscle also differs characteristi- 
cally from white skeletal muscle The ATPase 
activity of myosins from the former is less ac- 
tive than that of white skeletal myosin The 
maximal shortening velocities of both red skel- 
etal and cardiac muscles are slower than that of 
white skeletal muscle, presumably because 
shortening velocity may be determined by the 
rate of ATP hydrolysis by the contractile pro- 
teins. The relatively lower tensions developed 
by cardiac muscle, as contrasted with white 
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skeletal muscle, may be attributed m part to 
the larger number of mitochondria in my- 
ocardial cells These, by taking up considerable 
intracellular space, reduce the amount of con- 
tractile protein present per unit volume of 
myocardial tissue 

REGENERATION 

There is no unequivocal evidence that adult 
myocardial cells can divide (Grove et al , 1969) 
This IS in contrast to the differentiating em- 
bryonic cells which can multiply by cellular di- 
vision Embryonic and early postnatal growth 
of the heart is accomplished by hyperplasia of 
myocardial cells It appears that any subse- 
quent myocardial enlargement can only be ac- 
complished by hypertrophy of the individual 
myocardial cells through enlargement and mul- 
tiplication of intracellular structures (mitochon- 
dria, myofilaments) This absence of the ca- 
pacity for hyperplasia and regeneration remains 
somewhat controversial since there are indirect 
evidences that the number of myocardial cells 
may increase during hypertrophy m the adult 
individual (Lmzbach, 1960, Beznak, 1969) 
From tissue culture studies of myocardial cells 
it IS known that, m contrast to skeletal muscle, 
both contractile and undifferentiated cells can 
divide In developing skeletal muscle, once the 
cell begins contractile activity, mitotic cell divi- 
sions and DNA synthesis cease Whether or not 
undifferentiated stem cells (myoblasts) may 
remain in the myocardium and form new cells 
under appropriate stimuli, and whether hyper- 
plasia through cell division or activation of la- 
tent myoblasts can occur in early life (e g , hy- 
pertrophy accompanying congenital heart dis- 
ease) IS unknown However, at present the 
concensus is that ordinarily an increase in my- 
ocardial mass can be accomplished in the adult 
only through enlargement of cardiac cells al- 
ready formed 

DILATATION 

The term cardiac dilatation refers to in- 
creased capacity of the heart chambers Altera- 
tions in cardiac volume occur within physiolog- 
ical limits as part of the mechanism for 
changing cardiac output Enlargement of car- 
diac chambers beyond physiological limits oc- 
curs both acutely and chronically in various 
abnormal states 

Three factors are involved in acute dilata- 


tion sarcomere lengthening, “fiber slippage,” 
and stratification change Two of these factors 
are represented schematically m Figure 3 46 In 
acute dilatation, sarcomeres longer then 2 2 p, 
appear, and in electron micrographs, an H zone 
(Fig 3 36 page 3-29), normally absent in cardiac 
sarcomeres, can be seen (Fig 3 46B) “Fiber 
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Fig 3 46 A, schemata of stratification change 
The same part of the right ventricular wall is repre- 
sented in normal state and with marked dilatation B, 
schematic representation of sarcomeres in different 
states of stretch showing the relations of the thin and 
thick filaments C, Length tension diagram of an isolated 
papillary muscle showing the sarcomere lengths for 
physiological diastole and acute dilatation (Redrawn 
from Hort 1968} 
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slippage” means that individual fibers slide 
past one another m different directions longitu- 
dinally A change in stratification of fibers is 
believed to account for dilatation in a direction 
at right angles to myocardial fibers In this 
process there is a rearrangement of fibers from 
adjacent layers of myocardium As the myocar- 
dium IS stretched, the individual fibers become 
thinner and fibers from adjacent layers slip 
between one another This increases the 
number of fibers within a single layer and de- 
creases the number of layers across the my- 
ocardial wall In this way, wall thickness is re- 
duced and surface area increased The term 
plastic dilatation has been applied to longitu- 
dinal ‘‘slippage” and lateral rearrangement of 
myocardial fibers 

Dilatation, which increases sarcomere length 
and increases the internal diameter of cardiac 
chambers, has two functional implications In- 
creasing sarcomere length, within limits, in- 
creases the contractile strength of myocardial 
fibers (Frank-Starlmg relationship, pp 3-88 and 
3-119) An increase m chamber diameter in- 
creases the wall tension for a given mtracardiac 
pressure in accordance with the Laplace rela- 
tion (Tension = Pressure x radius ^ see 
page 3-92 and Fig 3 96) Physiologically, in- 
creased stretch results in increased wall tension 
but, at the same time, force of contraction is 
increased However, if the sarcomeres are 
stretched too far, contractile strength decreases 
and the heart still must operate at an increased 
wall tension for a given level of mtracardiac 
pressure Studies on experimental animals in 
which acute cardiac dilatation has been in- 
duced (e g , acute asphyxia) indicate that sar- 
comere stretch beyond physiological limits does 
not ordinarily occur (Fig 3 46) The increase in 
sarcomere length which does take place cannot 
account fully for the degree of observed dilata- 
tion, so that fiber “slippage” and stratification 
change must play a significant role It does not 
appear that the sarcomeres become stretched to 
the point that this factor alone can account for 
contractile weakness nor that individual sar- 
comeres are stretched to the point that they 
cannot contract at aU However, sarcomere 
length is increased to the point that there is 
little reserve for increase in contractile strength 
through the Frank- Starling mechanism 
In chronic dilatation it has been shown ex- 
perimentally that fiber “slippage” and stratifi- 
cation change as well as moderate increase in 


sarcomere length occur, as m acute dilatation 
However, in chronically dilated human hearts, 
Linzbach and Kyrieleis (1968), did not find any 
increase in sarcomere length Additionally, 
there is the possibility (unproven) that new sar- 
comeres may be synthesized m series to 
lengthen cardiac fibers Dehiscences or separa 
tions of fibers at intercalated discs have been 
found by electron microscopy m tissue from the 
auricular appendages of chronically dilated 
human hearts (Poche, 1969), and increased 
number of sarcomeres per fiber have been iden 
tified in hypertrophied hearts (Laks et al, 
1969) 

In summary, acute and chronic dilatation 
result from “slippage” and stratification change 
of fibers primarily Sarcomere length is in- 
creased moderately, at most, or, as some 
studies have shown, not at all Because of the 
increased diameter, the heart must operate at 
increased wall tension for a given mtracardiac 
pressure Insofar as sarcomere lengthening oc- 
curs, the reserve for increased contractile force 
with increased sarcomere length is compro- 
mised (Linzbach and Kyrieleis, 1968, Hort, 
1968) 

HYPERTROPHY 

When the heart is subject to mechanical 
overload, either through disease states, long- 
term heavy physical work, or experimental in- 
tervention, increase m myocardial mass results 
The normal heart m human adults ranges from 
approximately 350 g in weight Those in 

athletes or laborers rnay reach 500 g , but m 
diseased hearts weights of 550^o 1000 g or 
even more are seen The principal, or perhaps 
the exclusive, adapt ivT'^ange occurring in 
these conditions is hypotrophy of the indi- 
vidual myocardial fibers, accompanied by an 
increase m other tissue elements ((pnnective 
tissiifi.,^vasculature) It has been found through 
light anoetscfcron microscopic studies of hyper- 
trophied cardiac tissue that the myocardial cells 
are increased in diameter and length For ex- 
ample, the average diameter of the normal 
human heart myocardial cell is 15 /i while in 
hypertrophied hearts fibers from 25^ 30 n are 
found The increase in cell length is the result 
of adding more sarcomeres to the cell rather 
then the result of stretching of the sarcomeres 
(Laks et al , 1969) The locus for addition of 
sarcomeres may be at the intercalated discs, 
but this speculation requires further evidence 
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Legato (1970) has provided electronmicro- 
scopic evidence suggesting that the Z line sub- 
stance IS essential for new sarcomere produc- 
tion In myocardial tissue from adult human 
hearts, newborn puppy hearts, and in rat ven- 
tricular cells grown in tissue culture prolifera- 
tions of the Z line were observed In certain of 
the masses of Z substance, some of which had 
reached a width of 1 5 to 2 0 /i, filaments em- 
bedded in an amorphous matrix were observed 
These findings led to the postulate that the Z 
substance may serve as a source or template 
for the production of new sarcomeres in the 
developing or enlarging cardiac cell The in- 
crease in diameter is accomplished by the ad- 
dition of more myofibrils The ratio of the vol- 
ume of mitochondria to the volume of myo- 
fibrils increases slightly at first, but later re- 
turns to normal (Meerson, 1969) 

With normal growth of the heart during 
maturation, the individual myocardial cells do 
not multiply but become thicker and longer In 
infants there is one capillary for every four or 
five myocardial fibers, while in the adult heart 
the ratio is 1 1 (Linzbach, 1960) In the pres- 
ence of hypertrophy the adult ratio remains 
The idea that capillary inadequacy is a cause 
of hypoxia in hypertrophied hearts does not ap- 
pear valid In marked hypertrophy (heart 
weights exceeding 500 g ) the ratio between 
coronary artery and coronary ostia diameters 
decreases This may restrict myocardial perfu- 
sion in hypertrophy 

Number of Cells There is no crucial evi- 
dence for an increase m numbers of myocardial 
cells, although some investigators suggest that 
this too may occur, especially in extreme my- 
ocardial hypertrophy (Beznak, 1969, Linzbach, 
1960) Myocardial cells which have been in- 
duced to hypertrophy by experimentally pro- 
duced mechanical cardiac overload are known to 
return to their original size when the cardiac 
workload is returned to normal (Beznak, 1969) 
Further, if the work of the heart is reduced be- 
low normal, myocardial cells will grow 
smaller (atrophy) Clearly, the myocardial ceU 
possesses the ability to increase or decrease 
myofibrillar mass in response to altered work- 
load This, in turn, must be accomplished by 
alterations in protein synthesis which are 
somehow linked to changes in the level of con- 
tractile function In Figure 3 47 each line sche- 
matically represents various interrelations be- 
tween basic myocardial processes The relations 



Fig 3 47 The interrelations of various fundamental 
myocardial processes (Redrawn from Meerson 1969) 

between excitation, excitation-contraction cou- 
pling, contraction, and energy transformation 
have already been discussed To these funda- 
mental myocardial cellular processes must be 
added that of protein synthesis, which is con- 
trolled by the genetic apparatus of the nucleus 
The possible regulatory mechanisms implied as 
affecting the genetic apparatus are hypothet- 
ical 

As with other living cells, cardiac fibers 
maintain a state of dynamic equilibrium be- 
tween synthesis and breakdown of cellular ele- 
ments For example, myofibrillar and mito- 
chondrial proteins of rat heart muscle turn over 
with half-lives of ten to twelve, and five to six 
days, respectively (Rabinowitz and Zak, 1972) 
The other intracellular organelles and mem- 
branes (e g , sarcoplasmic reticulum) are 
maintained by continual replacement or re- 
newal of structural proteins This process is 
under the control of the genetic apparatus in 
the nucleus (and also in part in the mito- 
chondria) and involves nuclear DNA and the 
sarcoplasmic RNA system Thus, the cellular 
structures are maintained at a given level, de- 
pendent on the balance struck between the 
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forces of synthesis and destruction In the case 
of cellular hypertrophy involving marked in- 
crease in contractile proteins, synthesis must be 
increased so that contractile protein production 
exceeds loss For this to occur, the genetic ap- 
paratus must respond appropriately to varia- 
tions in the demand on cells for contractile 
function, and to changes in the rate of break- 
down of cellular structures (so-called “wear and 
tear’’ of cell structures) The mechanism 
linking the DNA-RNA system to cardiac ac- 
tivity IS obscure However, for hypertrophy to 
follow increased functional demand on the 
heart, it is clear that a mechanism must exist 
which regulates protein synthesis in accordance 
with contractile function Thus, intensification 
of the contractile process not only steps up 
metabolic energy transformations but also has 
an activating influence on the level of activity 
of the genetic apparatus 

In Figure 3 48, a speculative schema on the 
pathogenesis of cardiac hypertrophy is illus- 
trated 

Workload Cardiac hypertrophy occurs when 
the workload of the heart is increased abnor- 
mally The heart responds by what Meerson 
(1969) terms compensatory hyperfunction 
Physiologically, two different types of compen- 
satory hyperfunction are postulated isotonic 
hyperfimction and isometric hyperfunction Iso- 
tonic hyperfunction results when there is an 
increased blood inflow to the heart as in val- 
vular insufficiency, arteriovenous fistulas, ane- 
mia, etc Isometric hyperfunction occurs in val- 
vular stenosis or systemic or pulmonary hyper- 
tension Clinically, hypertrophy is also found in 
the hearts of patients with myocardial or coro- 
nary artery disease, accompanied by cardiac 
dilatation In these cases, a primary increase m 
workload has not occurred However, wall ten- 
sion has increased in accordance with the La- 
place relationship (q v ) Accordingly, a greater 
radius of a cardiac chamber resulting from dila- 
tation will increase contractile tension and pro- 
vide a stimulus to hypertrophy Badeer (1968) 
points out that in all three conditions the me- 
chanical stimuli for hypertrophy require an in- 
creased energy expenditure per unit mass of 
myocardium per beat In Figure 3 48, increased 
contractile stress per unit cross-sectional area is 
depicted as an initial change resulting in aug- 
mented energy expenditure per beat and stimu- 
lation of the genetic DNA-RNA system Hyper- 
trophy results and, as represented in the left 



Fig 3 48 The pathogenesis of cardiac hyper 
trophy (Redrawn from Badeer 1968) 
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Fig 3 49 Schema of protein synthesis regulation 
Hemodynamic overload of the heart stimulates nuclear 
and nucleolar RNA synthesis initiating the hypertrophic 
process (Redrawn from Scheuer, 1 970 ) 

hand senes of boxes, may be followed by com- 
pensation in which a steady state is produced 
with normal energy expenditure and mainte- 
nance of a normal concentration of contractile 
elements This is considered a stable state of 
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hypertrophy and hyperfunction However, as 
shown on the right hand side, hypertrophy may 
fail to restore the functional capacity of the 
myocardium so that its contractile performance 
per unit mass may be decreased Decrease in 
maximum shortening velocity and tension de- 
velopment has been demonstrated in my- 
ocardial tissue from non-failmg hypertrophied 
hearts (Spann et al , 1967) This will ultimately 
lead to congestive heart failure 
Protein Synthesis The mechanism of protein 
synthesis is shown in Figure 3 49 This is under 
control of the DNA-RNA system and involves 
three types of RNA ribosomal RNA (rRNA), 
messenger (mRNA), and transferring (soluble 
or sRNA) In accordance with present views, 
ribonucleic acid (RNA) formation occurs in the 
nucleus and protein synthesis in the ribosomes 
DNA-dependent messenger RNA (mRNA) syn- 
thesis IS controlled by the en 23 me RNA polym- 
erase Messenger RNA transfers the genetic 
information from the nuclear DNA to the ribo- 
somes and RNA acts as a template for the syn- 
thesis of cellular proteins from amino acids An 
aggregate of ribosomes, polyribosome, assem- 
bles amino acids linked to sRNA into proteins 
Ribosomal RNA is repeatedly programmed by 
messenger RNA from the nucleus The ammo 
acids are activated by ATP and transferred to 
the ribosomes by transferring RNA The ribo- 
somes contain the necessary enzymes, ions, and 
high energy phosphate for this syntnetic 
process Thus, nuclear DNA regulates protein 


synthesis through its control of RNA manufac- 
ture In myocardial hypertrophy, increased syn- 
thetic rates for mRNA, nuclear RNA, mito- 
chondrial RNA, and microsomal, mito- 
chondrial, and cytoplasmic protein occur In- 
creased ammo acid incorporation into protein 
is found as early as three hours after a pressure 
load is imposed on the isolated heart In micro- 
somal protein, synthetic rates increase as early 
as 1 hour after an increased cardiac load is ap- 
plied Various hormones which support protein 
synthesis play a role in cardiac hypertrophy 
Growth hormone must be administered in hy- 
pophysectomized animals with aortic constric- 
tion if hypertrophy is to occur Thyroid stimu- 
lating hormone potentiates the effect of growth 
hormone Adrenalectomy decreases the heart 
weight in normal animals but does not prevent 
hypertrophy with an increased cardiac load 
Insulin and male hormones also influence the 
hypertrophic response to mechanical overload 
However, since increased protein synthesis can 
be demonstrated in overloaded isolated hearts, 
these hormonal influences are not required for 
the initiation of the genetic process In rats, 
digitahs glycosides have been shown capable of 
protecting against the development of ventric- 
ular hypertrophy caused by chronic systolic 
overload induced by aortic constriction (Green- 
span and Edmonds, 1969) Possibly this effect 
occurs because the drug prevents ventricular 
dilatation with the increase in intraventricular 
pressure 
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The studies of Weidmann (1951), and Wood- 
bury et al (1951) showed that the potential dif- 
ference across a limited area of muscle mem- 
brane of a single heart fiber could be faithfully 
recorded in the beating heart by use of an in- 
tracellular microelectrode of the type developed 
by Ling and Gerard (1949) Glass tubes of 
about 1 mm external diameter are drawn out 
to an extremely small tip of about 0 2 /x When 
these are filled with concentrated potassium 
solution and inserted through the fiber mem- 
brane into the sarcoplasm, they can be used to 
measure the potential difference between the 
outside and inside of a single fiber in the 
beating heart By cutting off the tip of the glass 
capillary electrode and suspending it on a wire, 
the electrode is free to move up and down 
Thus artefacts from heart movements are mini- 
mized and recordings from human hearts 
during cardiac surgery have been made 
Human atrial and ventricular muscles, excised 
from patients undergoing open -heart surgery, 
were also studied in vitro Where studied si- 
multaneously, the transmembrane potentials 
from fibers in the intact heart are qualitatively 
and quantitatively similar to those recorded 
from single fibers of isolated preparations of 
either atria or ventricles Information thus ob- 
tained concerning the state of polarization of 
the muscle membrane serves as a much better 
basis for correlation with studies of excitability 
and refractoriness than the less direct and more 
variable measurements obtained with surface 
electrode techniques (Fig 3.50) 

TYPICAL POTENTIALS 

Transmembrane Potentials (TMP) of 
Ventricle and Atrium. Figure 3 51A shows 
the potential changes that are observed when a 
capillary microelectrode is inserted into a single 
fiber of a rhythmically beating ventricle When 
both the microelectrode and the indifferent 
electrode are outside the cell, there is no poten- 
tial difference When, however, the tip of the 
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microelectrode penetrates the membrane of a 
single myocardial fiber, a sudden potential of 
80 to 90 mv IS recorded with the inside of the 
fiber negative to the indifferent electrode This 
resting potential difference across the muscle 
membrane remains at the same value as long as 
the tissue is quiescent Following stimulation, 
however, there is an extremely rapid phase of 
depolarization (1 to 2 msec ) and change in the 
membrane potential so that the intracellular 
microelectrode momentarily becomes positive 
with respect to the indifferent electrode There- 
fore, at the peak of the action potential, the 
membrane is not only depolarized but actually 
exhibits a reversal of polarity or exhibits over- 
shooting amounting to 15 to 30 mv , and 
lasting 6 to 15 msec Immediately after this 
reversal there is a plateau of about IfX) msec 
and then a moderately rapid repolarization of 
the membrane for 100 to 150 msec , as the 
resting potential is restored On pulling back 
the electrode, the potential jumps back to the 
zero level It is believed that use of an intracel- 
lular microelectrode gives a true picture of the 
time course of depolarization and repolarization 
in a single cardiac muscle fiber and provides an 
accurate measurement of the size of transmem- 
brane potentials 

Transmembrane potentials recorded from the 
atria and auricles m the open-chest dog (or 
from single fibers of isolated preparations) are 
not significantly different from those of the 
ventricles except that following depolarization, 
the atrial records show an immediate slow 
phase of repolarization without an intervening 
plateau such as occurs in ventricular muscle 
(Fig 3 51J5) 

The temporal relationship between the action 
potential of a single fiber and the local ventric- 
ular electrogram of the intact and m situ heart 
IS shown in Figure 3 5M The upstroke of the 
action potential coincides with the R wave of 
the electrogram, the plateau with the R-T seg- 
ment, and the phase of repolarization with the 
T wave The temporal relation between the 
electrical and mechanical activity is very close 
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Fsg 3 50 Microelectrodes used for determining 
transmembrane potential in single myocardial fiber as 
modified by Alexander and Nastuk from Ling and Gerard 
(1949) 


level of instability is reached and a more rapid 
depolarization, the action potential, sponta- 
neously begins (Fig 3 5lD) This peculiarity 
was first described by Bozler (1943) Pacemaker 
activity in the sinoatrial and AV junctional tis- 
sue, IS similar to the above when they act as 
pacemakers 

As to be expected, the electrical properties of 
the pacemaker region change with factors that 
alter heart rate Vagus stimulation, acetylcho- 
line, and hypothermia lower heart rate by de- 
creasing the rate of diastolic depolarization and 
thus lengthening the time taken to reach a crit- 
ical level at which an action potential is initi- 
ated, whereas sympathetic stimulation and epi- 
nephrine injection, by inducing a faster rate of 


(Fig 3 51E) Contraction starts a few millisec- 
onds after depolarization, and tension reaches a 
peak when the membrane undergoes repolari- 
zation The state of contraction is maintained 
as long as the fiber is depolarized, and relaxa- 
tion sets in as soon as the resting potential is 
re-established Under some conditions it has 
been possible to obtain dissociation between 
mechanical and electrical events, i e , electrical 
activity IS obtainable when there is no longer a 
recorded mechanical response 
The transmembrane potential and mechan- 
ical response of cardiac muscle are very sensi- 
tive to certain inorganic ions Changes in con- 
centration of potassium, calcium, and to a 
lesser extent sodium, have a profound effect on 
the excitability and contractile response of the 
mammalian myocardium Magnesium has little 
action in the presence of normal calcium con- 
centration, but when the latter concentration is 
decreased both magnesium and strontium have 
a marked effect on membrane potential 

Transmembrane Potentials of Specialized 
Tissues. Of the three specialized tissues in 
mammalian heart, i e , the smatrial node, the 
atrioventricular (AV) node, and the ventricular 
conducting system (Purkinje fibers), all have 
been studied by microelectrode techniques 
Figure 3 51C illustrates the electrical peculiari- 
ties of Purkmje fibers m the dog heart In con- 
trast to the constant diastolic membrane poten- 
tial m atrial and ventricular muscle, there is in 
the ventricular conducting system a slow depo- 
larization throughout diastole when local electri- 
cal activity is induced by a distant pacemaker 
When pacemaker activity originates in the local 
area there is, in addition, a slow upward curva- 
ture in late diastole which continues until a 



Fig 3 51 A Transmembrane action potential of a 
single ventricular fiber (lower curve) and simultaneous 
ventriculogram of the intact heart in situ The upstroke 
of the action potential coincides with the R wave of 
the electrogram the plateau with the R-T segment and 
the phase or repolanzation with the T wave (After 
Brooks and associates ) B Normal transmembrane poten- 
tial recorded from a single fiber of the intact auricle 
(After Brooks and associates ) C Transmembrane action 
potential of a single Purkmje fiber in a nonpacemaker ac- 
tivity Note slow loss of resting potential during diastole 
(After Brooks and associates ) D Spontaneous activity re- 
corded from Purkmje fiber in a pacemaker area Note 
slow depolarization during diastole and then abrupt onset 
of spontaneous depolarization (After Brooks and asso- 
ciates ) E Temporal relation between action potential and 
mechanical contraction recorded from a papillary muscle 
(After Dudel and Trautwein 1954) 
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depolarization with an earlier firing, accelerate 
heart rate 

Transmembrane action potential (TMP) 
curve during activation from various types of 
cells are diagrammed in Figure 3 52 Five 
phases of the action potential are recognized 
phase 0, an initial rapid depolarization or 
spike, which overshoots the zero potential by 20 
to 30 mv , phase 1, an initial rapid repolariza- 
tion which returns the TMP toward zero, phase 
2, a slow phase of repolanzation or plateau, 
phase 3, a final rapid repolanzation which re- 
turns the membrane potential to its resting 
level, phase 4, the resting or diastolic TMP In 
pacemaker cells the TMP during phase 4 grad- 
ually decreases (diastolic depolarization) to a 
given potential (threshold) at which “all-or- 
none” depolarization occurs (phase 0) 

Threshold Potential (TP). The critical level 
of cell membrane depolarization (about 65 to 60 
mv ) at which a propagated impulse is initiated 
(Fig 3 53) IS the threshold potential Once this 
level of depolarization is reached, no greater 
stimulus is required for the upstroke of the ac- 
tion potential to become self-sustaining The 
threshold stimulus is defined as the magnitude 
of stimulus required to bring the resting mem- 
brane potential to the threshold level 
Subthreshold stimuli produce only local n on- 
propagated responses (Fig 3 53) As the resting 
TMP decreases toward TP excitability in- 
creases, i e , less TMP decrease is required to 
reach TP K the resting TMP becomes suffi- 
ciently less than the threshold potential, the 
cell is not excitable (i e , it cannot initiate a 
propagated impulse) 

The form, duration, resting potential level, 
and amplitude of action potential are charac- 
teristic for the different myocardial cell types 
(Fig 3 52 jB, These differ among mam- 
malian species Those characteristic for man, 
dog, and rabbit will be described. The SA node 
pacemaker cells have a relatively low resting 
potential (Fig 3 52 B, C, and 3 54), slow phase 
0, indistinct phase 1 and phase 2, distinct 
phase 3 and phase 4 slowly depolarizes Atrial 
muscle cells lack a distinct phase 2 (plateau) 
and phase 3 is prolonged Atrioventricular 
nodal cells may exhibit h5^erpolarization at the 
end of phase 3 and phase 1 is not distinct Pur- 
kinje fibers have a distinct phase 1 and phase 2 
is relatively long, phase 4 may exhibit sponta- 
neous depolarization. 

Most atrial and ventricular cells maintain a 




Fig 3 52 Transmembrane potential from a ventricu- 
lar working or nonpacemaker cell M) and a sinus node 
pacemaker cell {B) with phases labeled C illustrates the 
configurations of TMP from various types of cells from 
top to bottom sinus node cell, atrial muscle cell, atrio 
ventricular nodal cell, Purkinje cell, ventricular contrac- 
tile cell (Redrawn from Marriott and Myerburg, 1970 ) 

stable resting membrane potential throughout 
the phase 4 and are termed nonpacemaker 
cells. Normally, they do not initiate impulses 
spontaneously 

Pacemaker cells are located in the sinoatrial 
node, in tissues around but not in the atrioven- 
tricular node, Purkinje fibers, and atrium (la- 
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Fig 3 53 Changes in transmembrane potential pro 
duced by subthreshold (1 and 2) and threshold (3) stim- 
uli Upper TMP Lower stimulus current With stimulus 
currents 1 and 2 graded local depolarizations occur but 
not a propagated response With current 3 the local re- 
sponse reaches threshold and a propagated TMP is 
initiated (Redrawn from Hoffman 1969) 
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Fig 3 54 Course of estimated sodium and potassium 
conductance (fl'Na curves related to the transmem- 
brane action potentials of a sinus node pacemaker [A) 
and ventricular muscle {B) cell from isolated rabbit heart 
(Redrawn from Trautwein 1 963 ) 


tent atrial pacemakers, some of which, at least, 
have morphological characteristics of Purkmje 
cells) These cells have the capacity for pro- 
gressive diastolic depolarization (phase 4) 

MECHANISMS OF TRANSMEMBRANE 
POTENTIALS 

Experimental observations and reasonable 
assumptions indicate that the ionic theory of 
Hodgkin and Huxley (1952) for nerve mem- 
brane potentials is valid for cardiac cells My- 
ocardial cell membrane permeability and con- 
ductance to Na"*", K"*", and Cl" account for 
transmembrane potentials 


Membrane ionic permeability (Pj is a 
measure of the ease with which an ion pene- 
trates the membrane when driven by a concen- 
tration gradient across the membrane Mem- 
brane ionic conductance (g) is a measure of the 
ease of penetration of an ion when driven by an 
electrical force Ion permeability and conduct- 
ance are related quantities, but not equivalent 
Their relationship is complicated, depending 
on such things as the membrane voltage and 
ionic concentrations on either side of it Ion 
conductance is the reciprocal of ion electrical 
resistance in a membrane ig^ = 1/R) and is 
expressed m mhos (ohms spelled backward) It 
reflects membrane ion permeability 

Changes in and g^ determine the mem- 
brane’s potential (E^) and flux or current (/,„) 
The approximate concentration ratios intra- 
cellular extracellular for sodium, potassium, 
and chloride ions in heart muscle cells are 

Na-^, 1 10, K+ 40 1, and Cl", 1 30 

From the Nernst equation (q v ) the equilib- 
rium potential for a given ion (£?uon)) can be 
calculated if the ionic concentrations inside (0 
and outside (o) a cell membrane are known At 
37° C 


^uoni = 61 5 log (ion)o/(ion)j 

From typical values of ion concentrations for 
heart muscle, the estimated equilibrium poten- 
tials for Na^ and are 

^Na = +70 mv 
Ek = ~102inv 

In Table 3 10 it is seen that the resting 
membrane potential for various myocardial 
cells approaches the equilibrium potential of 
K Potassium ions have been identified as the 
major ion species responsible for maintaining 
resting potential That membrane potential 
{Em) IS not identical with Ek results from the 
influence of other ions, in particular Na"^ The 
degree of influence these ions have on resting 
potentials is determined by their conductance 
across the membrane To explain why E^ does 
not equal Ek consider the equation 

[K-^lo + a[Na+h 
= 61 5 log [K+]. + a[Na+]i 

a IS a constant expressing the ratio of Na”^ 
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Table 3 10 

Cardiac resting and action potentials 


Site 

Species 

Fiber 

Diameter 

MRP'* 

AP" 

D ® 



fJ- 

mv 

mv 

m /sec 

Sinus node 

Frog 

5 

40 

53 

200 


Rabbit 

— 

60 

66 

200 

AV node 

Dog 

— 

53 

68 

350 

Atrium 

Frog 

5 

70 

90 

400 


Rabbit 

10 

78 

92 

150 


Dog 

10 

85 

105 

200 


Man 

10 

70 

75 

__ 

Ventricle 

Frog 

10 

80 

95 

600 


Dog 

16 

80 

100 

400 


Man 

16 

87 

115 

200 

Purkmje fiber 

Dog 

30 

90 

120 

300 


Sheep 

75 

94 

130 

400 

Skeletal muscle'" 

Frog 

130 

88 

120 

1 5 

Unmyelinated nerve 
fiber'" 

Squid 

400 

65 

85 

04 


From Hecht, 1968 

" MRP, membrane resting potential, AP, action potential, D^p, duration of action potential 
^ The values for D^p depend on temperature and heart rate — some average values are given which show the 
difference in fiber size and in duration of the action potential in comparison to cardiac tissue 

Values for skeletal muscle and nerve fiber are given for comparison note particularly the differences in 
fiber size and in duration of the action potential in comparison to cardiac tissue 


permeability to that of (Pi^JPk) A small 
inward flux of Na'*' during rest, would oppose 
the outward flux of K'*' and reduce , ex- 
plaining why Em IS less than Ek Since a is 
thought to be about 0 01 for muscle and nerve, 
a[Na+]j IS small compared to [K*^], In the 
physiological range (low [K+]o and high 
[Na'^Jo), a[Na]o becomes a significant factor 
of the sum [K+]o + [Na+]o Pacemaker tis- 
sues have a lower resting transmembrane po- 
tential than working myocardial cells, which 
could be accounted for by assuming a larger 
resting Na^ inward current Cl“ inward flux 
has the same effect as K+ outward flux and 
plays a role with K”^ during repolanzation 
The distribution of Na+ and across the 
cell membrane is maintained by a metabolically 
active Na/K membrane pump which derives its 
energy from organic phosphate metabolism 
Adenosine triphosphatase (ATPase) located in 
the cell surface is activated by external K"*" and 
mtemal Na"^, i e , the membrane is asymmetri- 
cal with respect to Na+ and K+ Adenosine 
triphosphate (ATP) is the immediate source of 
energy for the pump, which is inactivated by 


metabolic inhibitors (dinitrophenol, azide, 
cyanide) and inhibited (although low concen- 
trations can be shown to stimulate) by car- 
dioactive glycosides (ouabain, digoxin) The 
latter show asymmetry of action too, inhibiting 
K'^ transport from the outside of the fiber This 
ATPase is Mg'*"^ dependent and inhibited by 
Ca"*"^ at the inner membrane surface 

Resting Potential. The maintenance of 
resting potential is a result of the large ionic 
concentration gradients across the membrane 
The voltage and polarity of the resting poten- 
tial are a consequence of the higher conduct- 
ance of the resting membrane for K**" than for 
Na+ The resultant membrane potential, 
represents the sum of the equilibrium poten- 
tials for Na*^ and K'^, + E^ Chloride ions 

have no effect on resting potential, but con- 
tribute to repolanzation phases of the action 
potential Since potassium permeability (Pk) 
and conductance (g^) are relatively high in the 
resting state, the resting membrane potential 
largely is dependent on flux 

Action Potential. The action potential at a 
given membrane site results from sequential 
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changes in membrane ion permeability pri- 
marily to Na"^ and and to some extent to 
Cl" The conducted cardiac impulse can be 
viewed as a traveling wave of ion permeability 
and conductance changes which transiently 
reverse membrane polarity The conductance 
changes for Na"^ and are graphically repre- 
sented in Figure 3 54 At the onset of the ac- 
tion potential, membrane increases ab- 
ruptly Na+ ions flow down their electrochem- 
ical gradient into the cell, producing an action 
potential spike (phase 0) of about 100 mv 
There is evidence that ions may also con- 
tribute to this inward current of depolarization 
During phase 1 gNa decreases from its initial 
high level and gK decreases Phase 2 is charac- 
terized by low and a moderately high gMa 
Repolarization occurs when the conductances of 
K+ and Na+ return to their resting levels Cl" 
ion inward conductance apparently contributes 
to phase 3 In nonpacemaker cells TMP re- 
mains constant at the resting level during phase 
4 This stability is largely the result of a steady 

§K 

The inward movement of Na"^ and outward 
movement of are passive movements re- 
quiring no energy, the ions flowing down their 
respective electrochemical gradients At each 
activation, minute amounts of Na"^ and K+ are 
transferred across the cell membrane The met- 
abolically active Na/K pump mechanism is lo- 
cated m the cell membrane It consumes energy 
from ATP split by Na/K activated ATPase 
This process returns to the cell and ex- 
trudes Na^, against their respective concentra- 
tion gradients 

Pacemaker Potential, Pacemaker cells de- 
polarize progressively during p hase 4 (Fig 
3 54) If not excited previously by a conducted 
impulse, they will discharge spontaneously 
when the threshold potential is reached The 
chief cause of diastolic depolarization is a 
time-dependent fall in gK, Sk decreases 
with elapsed time K‘*‘ conductance is also de- 
creased somewhat as the membrane potential 
falls during phase 4 (voltage dependence) 
This fall m gK permits the low gNa to become 
increasingly effective As gK decreases during 
diastole, outward movement of Cl ~ contrib- 
utes to diastolic depolarization When the 
threshold potential is reached, gNa increases 
suddenly and markedly, producing the spike 
potential (phase 0) 

Refractory States Under physiological 
conditions, cardiac cells are refractoiy to fur- 
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ther stimulation during most of the action po- 
tential period Excitability returns during the 
repolarization phase and goes through a period 
of supernormality Various phases of the refrac- 
tory state are recognized (Fig 3 55) 

The absolute refractory’ period (ARP) extends 
from the onset of the action potential until re- 
polarization has progressed to a TMP of about 
55 mv The cell cannot be excited during this 
period As repolarization continues there is a 
variable decrease in the stimulus required 
(threshold) and action potentials vary in rate of 
rise (phase 0) and amplitude (Fig 3 55) The 
relatively refractory period (RRP) is the in- 
terval during which action potential responses 
with slow phase 0 and submaximal amplitude 
occur Before a propagated response can occur, 
there is a period during which a stimulus may 
produce graded responses in cells which are not 
conducted The effective refractory period 
(ERP) IS this period together with ARP The 
total refractory period (TRP) includes ARP, 



4,rrp 

Fig 3 55 A, normal transmembrane action potential 
and responses to senes of stimuli applied during and af- 
ter end of repolarization B, approximate durations of 
absolute refractory period (ARP) total refractory period 
(TRP) effective refractory period (ERP) full recovery time 
(FRT) supernormal period (SNP) and relative refractory 
period (RRP) In A responses shown as dotted lines (a 
and b) are graded responses which do not propagate 
Response (c) is earliest propagated response and defines 
end of effective refractory period Response id) is elicited 
at the time when transmembrane potential is close to 
level of threshold potential (TP) and occurs during super- 
normal period Response (e) is elicited after end of re- 
polarization and is normal in terms of rising velocity and 
amplitude, defining end of full recovery time Changes in 
threshold shown in B are related to an arbitrary scale of 
current strength Curve shows onset of inexcitability co- 
incident with phase 0 of transmembrane action potential 
gradual decrease in threshold during phase 3 of repolar- 
ization and restoration of full excitability after end of 
phase 3 of transmembrane action potential (Redrawn 
from Hoffman 1969) 
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ERP, and RRP The supernormal period 
(SNP) IS an interval beginning at about the 
time the action potential reaches the resting 
threshold level During this period the stimulus 
required for response is less than for a resting 
ceil, but the amplitude and rate of rise of the 
action potential are submaximal Full recovery 
time (FRT) includes all of the foregoing periods 
up to the time when the resting potential is 
stable and the rise time, action potential ampli- 
tude and duration of the response and excita- 
bility are fully restored The term partial re- 
covery period IS sometimes employed for car- 
diac tissue or the entire heart to designate the 
interval during which some cells have recovered 
fully while others remain in some stage of re- 
fractoriness 

Conduction Velocity. The rapidity with 
which the impulse is conducted in a given fiber 
is a function of the rate of rise and amplitude 
of the action potential and the fiber diameter 
The lower the resting potential, the slower is 
the speed of conduction The larger the fiber 
diameter, the faster is conduction velocity 
Sinoatrial and atrioventricular nodal fibers 
have lower resting potentials than atrial and 
ventricular cells and are smaller These fibers 
conduct more slowly 

Decremental conduction is said to occur m 
sinoatrial and atrioventricular nodal tissues, 
1 e , the action potential progressively decreases 
in rise time, velocity and amplitude, until prop- 
agation slows and finally ceases Under certain 
circumstances (eg, vagal stimulation) decre- 
mental conduction may increase in the AV 
node to the point that the impulse is blocked 
This may be a mechanism responsible for cer- 
tain types of SA and AV block and so-called 
concealed conduction in AV junctional tissues 
(see under Arrhythmias and Conduction Dis- 
turbances) 

AUTOMATICITY AND EXCITABILITY 
(IRRITABILITY) 

The term automaticity designates the ability 
of cardiac cells to generate a propagated im- 
pulse spontaneously (assume pacemaker func- 
tion) Normally, as stated earlier, this property 
is thought to be limited to specialized cells in 
the SA node, around but not m the AV node, 
m the atrium, and in the Purkinje system Elec- 
trophysiologically, these cells exhibit diastolic 
depolarization The rate at which diastolic 
depolarization occurs determines the fre- 


quency of spontaneous impulse formation, 

1 e , the steeper the slope of phase 4, the shorter 
the time interval required for the TMP to 
reach the threshold potential required for spon 
taneous depolarization of the membrane When 
the firing frequency of a cell is increased, its 
automaticity is said to be increased and vice 
versa Certain abnormal mechanisms can cause 
automaticity For example, the drug aconitine 
causes oscillating afterpotentials to follow phase 
3 of the action potential such an oscillatory 
depolarization can reach TP and initiate an 
action potential It is speculated that delayed 
repolarization of a group of cells may set up an 
excitatory current flow with already repolarized 
cells, sufficient to cause re-excitation of adja- 
cent cells 

In contrast to automaticity, the term excita- 
bility (or irritability) refers to sensitivity to 
stimulation The strength of stimulus required 
to bring the resting potential to the threshold 
for a propagated impulse, is determined by the 
difference between the existing membrane po- 
tential and its threshold potential (TP) If the 
resting TMP is greater than (i e , more nega- 
tive) but close to TP, the stimulus needed to 
initiate an action potential is less than when 
the resting potential is much more negative 
than TP On the other hand, cells are refrac- 
tory to stimulation when TMP is sufficiently 
less negative than TP (Fig 3 55) 

Coodiiction System 

The specialized pacemaking and conducting 
tissue of the heart consists of the sinoatrial 
node (SAN), interatrial and mternodal conduc- 
tion pathways, the atrioventricular node 
(AVN), the bundle of His, the right bundle 
branch (RBB) and left bundle branch (LBB) of 
the bundle of His, and the peripheral Purkinje 
network Ordinarily, pacemaker ceils located 
within the SAN serve to initiate the heart beat 
From here, the impulse enters the atrial my- 
ocardium and follows preferential conduction 
pathways which conduct the impulse relatively 
rapidly to the atrioventricular node (mternodal 
tracts) and to the left atrium (Bachmann’s 
bundle) Normally, impulses which" reach the 
ventricle must traverse the atrioventricular 
node, a region of relatively slow conduction 
Emerging from the AVN, the impulse reaches 
the rapidly conducting Purkinje fibers of the 
bundle of His and travels along the bundle 
branches to the subendocardial Purkinje fiber 
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network of the ventricles These structures 
serve to originate the cardiac impulse for each 
heartbeat and distribute it throughout the 
heart They provide for sequential contraction 
of the atria and ventricles and bring the en- 
tire myocardial mass of both ventricles rap- 
idly into coordinated contraction Data on liber 
diameters and conduction velocity m the hu- 
man heart are given in Table 3 11 and the routes 
of conduction are presented schematically in 
Figure 3 56 

THE SINOATRIAL NODE (SAN) 

The SAN is imbedded in the right atrial wall 
at the junction of the superior vena cava and 
the right atrium This junction appears on the 
epicardial surface as the sulcus termirialis, on 
the endocardial surface as the crista terminalis 
The SAN is ellipsoid in shape containing rather 
long thin fibers in which myofibrils are sparse 
An abundant collagen network interlaces with 
bundles of nodal fibers James (1970b) distin- 
guishes two types of cells, centrally located P 
cells which may be the normal pacemaker cells 
and more peripherally located transitional cells 
which serve to connect P cells with adjacent 
cells of the atrial myocardium and the mter- 
nodal and interatrial pathways (see p 3-28) 

INTERNODAL AND INTERATRIAL 
PATHWAYS 

These are diagrammed in Figure 3 56 Three 
pathways connecting the SAN to the AVN and 
one connecting the SAN to the left atrium have 
been described The anterior intemodal tract 
travels from the left tip of the sinus node a 
short distance and divides into two branches 
one branch (Bachmann's bundle) travels along 
the dorsal aspect of the interatrial band and 
ramifies over the left atrium The other branch 
curves downward below the interatrial septum 
to the region of the AVN, here joining fibers 
from the other intemodal tracts The middle 
mternodal tract (first described by Wencke- 
bach) emerges from the posterodorsal edge of 
the sinus node, passes behind the superior vena 
cava to the top of the interatrial septum Here, 
a few branches pass to the left atrium while the 
major bundle continues over the interatrial 
septum to the top of the AVN The posterior 
intemodal tract (ThoreFs tract) extends from 
the posterior end of the sinus node along the 
crista terminalis^ through the eustachian 
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Fiber diameter and conduction velocity in human hearts 


Site 

Fiber 

Diameter 

Conduction 

Velocity 



m /sec 

Sinus node 

2-7 



Atnum 

3-17 

0 8-1 0 

AV fibers (about 5mm 

3-11 

0 05 

long) 



His bundle branch 

9-18 

20 

Ventricular myocardium 

10-12 


Subendocardium 


1 

Subepicardium 


0 4-1 


From Bauereisen, 1970 



Fig 3 56 Diagram of the intemodal pathways of the 
human heart A, anterior intemodal pathway which sends 
fibers to the AVN and interatrial fibers to the left atrium 
(Bachmann s bundle) M middle intemodal tract (Wencke- 
bach s tract) P, posterior intemodal tract (Thorel s tract) 
(James 1970a) 

ridge to the interatrial septum to join the AVN 
at its right superior margin 

These intemodal pathways constitute prefer- 
ential routes of conduction from the SAN to 
the AVN and from the SAN to the left atrium 
Conduction velocity is more rapid m these 
pathways than m ordinary working atrial my- 
ocardium but not as rapid as in the His bundle 
or its branches The pathways consist of a con- 
tinuum of myocardial cells made up of a mix- 
ture of Purkinje cells and cells indistinguisha- 
ble fiom ordinary working myocardium On 
anatomical grounds, the most direct route for 
spread of excitation from the SAN to the AVN 
and left atrium would be through the anterior 
intemodal tract, one branch of which sends 
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specialized fibers (Bachmann’s bundle) into left 
atrium and the other branch into the AVN 
Conduction is most rapid in this tract in dogs 
(Hoismger et al , 1968) Atrial depolarization is 
accomplished both by radial spread to working 
myocardial cells from the SAN as well as more 
rapid transmission over these preferential path- 
ways directed toward the AVN and left atrium 
The mternodal tracts are not ensheathed nor 
otherwise separated from adjacent myocardial 
tissue These special pathways provide for rapid 
spread of excitation throughout both atria and 
determine its temporal sequence in different 
parts of the atria There is evidence that spe- 
cialized atrial ceils exhibit elevated resistance 
to the depressant effects of hyperkalemia and 
can continue to conduct impulses from the 
SAN to the AVN when the body of the atrial 
musculature is inactivated and the P wave of 
the body surface electrocardiogram absent 
(Vassalle and Hoffman, 1965, Wagner et al , 
1966) 


Atnal septum 


Mitral valve 
Memb septum 



Vent septum 


ATRIOVENTRICULAR NODE 

The atrioventricular node is located beneath 
the right atrial endocardium at the base of the 
interatrial septum just interior to the ostium of 
the coronary sinus (Fig 3 57) On the atrial 
side, it receives branches from the mternodal 
tracts as well as from the ordinary atrial muscu- 
lature and IS continuous with the bundle of His 
on the ventricular side Its fibers, which are 
smaller than those of atrial muscle, form a pat- 
tern of branching and interlacing strands in a 
connective tissue framework P cells are present 
within the node especially in its deeper por- 
tions, but they are less frequent then in the 
sinus node The slender transitional cells are 
the most frequent cell type 

CONDUCTION TO VENTRICLE 

The Bundle of His At the region of transi- 
tion between the AVN and bundle of His, the 
cells gather into more regular fascicles and take 
on the characteristics of typical Purkmje fibers 
These fibers of the His bundle then pass from 
the right atrial endocardial location of the AVN 
medially and inferiorly along the lower margin 
of the membranous interventricular septum 
(Fig 3 57) The His bundle gives rise to a 
single right bundle branch and multiple left 
branches, the latter forming a sheet of fibers 
traveling down the left septal endocardium 


Fig 3 57 Schema of the AV node and His bundle 
Atrial Septum interatrial septum Vent Septum mterven 
tricular septum Memb Septum membranous portion of 
the interventricular septum Fibers from mternodal tracts 
are shown entering the AV node The bundle of His (not 
labeled) runs along the lower margin of the membranous 
interventricular septum It gives rise to a single right 
branch and then multiple left branches form a vertical 
sheet down the left septal subendocardium (James 
1970a ) 

The Bundle Branches. The right bundle is 
given off first as the smaller of the two 
branches It passes down, subendocardially, the 
right side of the interventricular septum and, 
branching, links up with the subendocardial 
Purkinje network The first functional contact 
of the right bundle branch with the ventricular 
myocardium is near the base of the anterior 
papillary muscle 

The left bundle branch continues from the 
common bundle of His as a broad fascicle 
which runs subendocardially down the left side 
of the interventricular septum, dividing into 
major anterior and posterior divisions before 
reaching the peripheral Purkmje network In 
most hearts the left bundle branch makes its 
first functional contact with the ventricular 
myocardium on the left endocardial surface of 
the interventricular septum some distance 
below the aortic valve 

The paraspecific fibers of Mahaim are mcon- 
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stant, but when present are seen as a small 
bundle of fibers leaving the left bundle branch 
to enter the upper dorsal parts of the interven- 
tricular septum 

The Accesory Bundle of Kent Additional 
communications between atria and ventricle, 
most frequent m fetal and infantile hearts, may 
be identified in some adult hearts The most 
common is the bundle of Kent which extends 
from the right atrium to the upper parts of the 
interventricular septum Fascicles of atrial 
myocardium may also be seen extending 
through the atrioventricular ring into the base 
of the atrioventricular valves Purkinje cells are 
not found in the accessory bundles They are 
considered by some to serve as atrioventricular 
conduction routes, by -passing the AVN, which, 
when active, account for accelerated atrioven- 
tricular conduction (Wolff-Parkinson- White 
syndrome) 

The Subendocardial Purkinje Network, 
The Purkinje network is largely hmited to the 
subendocardium in man These specialized 
conducting cells of Purkinje penetrate for a 
short distance into the ventricular myocardium 
where they merge insensibly with working 
myocardial cells These fibers are also found in 
the free-running false tendons in the right and 
left ventricles 

IMPULSE INITIATION 

Keith and Flack, 1907, suggested that the SA 
node embedded m the right atrial wall near the 
entrance of the superior vena cava is the focus 
in the mammalian heart from which each heart 
beat normally starts Evidence of such origin is 
that 1 ) its excision or inactivation causes cessa- 
tion or slowing of the atrial or ventricular con- 
tractions, 2 ) temperature change of the node 
but not of the surrounding tissue changes heart 
rate, 3 ) the node becomes electrically active 
before any other region of the heart 

Although spontaneous and repetitive depolar- 
ization arises normally only in this region, there 
are other areas in which electrical activity can 
arise under some circumstances and initiate 
cardiac contraction When the SA node is de- 
stroyed or inactivated, the AV junctional 
tissues often become the site of impulse forma- 
tion and develop spontaneous depolarization 
Another area which develops pacemaking ac- 
tivity when the SAN is inactive is in the region 
of the coronary sinus In turn, in the presence 
of inactivation of the AV junctional tissue, the 
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ventricles develop a slow rh^Thm Since both 
ventricles receive the excitation through natural 
pathways and contract m a coordinated way, 
the rhythmical center is the AV bundle If both 
bundle branches are cut, impulse initiation 
arises m the ventricular muscle The natural 
rate of automaticity of these areas is of a de- 
scending order of magnitude, the SA node 
being 70 to 80/min , atria 60/mm , AV junc- 
tional tissues 40 to 60/mm , and ventricles 20 
to 40/min It is obvious that normally, the atria, 
AV junctional tissue, and ventricular tissue 
cannot set the heart rate because the SA node 
repolanzes and automatically discharges more 
rapidly than any of these tissues Hence, an 
impulse from the SA node will always depolar- 
ize these tissues before any could initiate a 
rhythm On occasion, however, an ectopic focus 
in the atrium or ventricular muscle can assume 
a rhythm faster than that of the SA node, and 
hence, it becomes the pacemaker 

SPREAD OF EXCITATION IN HUMAN 
HEART 

The cardiac impulse normally is initiated in 
sinoatrial node pacemaker cells (Fig 3 52) 
Thus, the sinus node sets the pace and depolar- 
izes other potential pacemaker cells before they 
can discharge automatically If the frequency of 
sinus node cells decreases greatly or they fail to 
discharge automatically, other slower pace- 
makers will begin to initiate the heart beat 
Ectopic foci in the atria or ventricles can de- 
velop a faster rhythm than the sinus node cells 
under certain conditions These sites then de- 
termine cardiac rate and rhythm from an ab- 
normal location 

Although preferential pathways of conduction 
have been identified in human and dog hearts, 
as described in the foregoing, in isolated 
human hearts spread of excitation proceeded 
more or less radially from the region of the SA 
node at a rate of about 1 m /sec (Durrer et al , 
1970) Conduction through the atrioventricular 
node IS slow and decremental, requiring 80 to 
120 msec Here conduction velocity may be in- 
creased by sympathetic stimulation, ordinarily 
traveling at a velocity of 0 1 to 0 2 m /sec The 
Purkinje fibers of the bundle of His and bundle 
branches conduct rapidly at rates of about 2 
m /sec , distributing the impulses fairly syn- 
chronously to the subendocardium, where con- 
duction velocity IS about 1 m /sec Excitation is 
then conducted from endocardium to epicar- 
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dmm Conduction velocities in the human ven- 
tricular myocardium of about 0 35 to 0 40 
m /sec have been found (Durrer et al , 1970) 

During the first 5 msec of ventricular excita- 
tion depolarization of the left central interven- 
tricular septal region and anterior and posterior 
paraseptal surfaces begins and these areas be- 
come confluent m 15 to 20 msec Subendo- 
cardial depolarization in the right ventricle be- 
gins near the insertion of the anterior papillary 
muscle 5 to 10 msec after the onset of ventric- 
ular activation Septal activation starts m the 
middle third of the left side of the interventric- 
ular septum and at its lower third near the 
septal posterior wall junction After 30 msec , a 
nearly completely confluent front is moving 
through the left ventricular wall, except at the 
posterobasal wall, and subepicardial excitation 
has appeared on the anterior surface of the 
heart near the atrioventricular sulcus and at 
anterior and posterior paraseptal areas halfway 
between apex and base The posterobasal area 
is the latest to be activated Right ventricular 
activation, starting at 5 to 10 msec , rapidly 
invades the septum and adjoining right free 
walls reaching the subepicardium m 20 msec 
near the area pretrabeculans Ultimately, the 
pulmonary conus and posterobasal areas are 
activated (at 60 to 70 msec ) Thus, the general 
sequence of ventricular activation is 1) septal 
excitation proceeding from left to right, 2) exci- 
tation in the upper part of the anterior wall of 
the left ventricle, proceeding through the free 
wall, 3) excitation of the left ventricular poste- 
rior wall proceeding m the opposite direction, 
4) excitation traveling through the right ven- 
tricular free wall and moving from right to left 
through the midantenor part of the septum, 5) 
completion of activation at the pulmonary 
conal and posterobasal areas (Durrer et al , 
1970) 

ELECTROCARDIOGRAPHY 

Electrocardiography may be defined as that 
branch of physiology which is concerned with 
the recording and analysis of the electrical ac- 
tivity of the heart The electrocardiograph is an 
mstrument which receives the electrical im- 
pulses ^ they vary during the heart cycle and 
transforms them into a graphic record called 
the electrocardiogram, when recorded from the 
surface of the body Records obtained directly 
from cardiac muscle are called electrograms 


ras 5 rui: f 3. in tO ( j rt 

The first electrocardiogram was obtained m 
1887 by Waller who employed a capillary elec- 
trometer Einthoven became the real father of 
electrocardiography when he described the 
string galvanometer m 1903 This instrument 
became the standard apparatus for the re- 
cording of electrocardiograms until it was 
largely supplanted by the vacuum tube, ampli- 
fier-driven oscillograph m the 1930’s This type 
of instrument was later modified by increasing 
the amplification sufficiently to drive a me- 
chanical lever arm so that directly written rec- 
ords might be obtained either with an ink 
writer or a hot stylus applied to specially waxed 
paper Recently transistorized modifications of 
the vacuum tube type of oscillographic instru- 
ment have come on the market Common to all 
these instruments is the property of faithfully 
inscribing the variations of the cardiac voltages 
on an accurate time scale abscissa 

The cathode ray oscilloscope has been em- 
ployed for specialized research in electrocar- 
diography and recently it has been adapted by 
means of the sweep circuit to give a constant 
visual display of the electrocardiographic pat- 
tern which can be monitored during surgery or 
other critical clinical conditions 

Depolarization and Repoiarization of 
Ceil Aggregates 

The electrocardiogram which is recorded 
from body surface electrodes is the result of a 
vast number of systematically propagated elec- 
trical events taking place in the individual 
muscle cell fibers of the heart We have seen 
that the individual myocardial fiber is depolar- 
ized and repolanzed with large voltage fluctua- 
tions across the cell membrane, but with only 
small potential differences being recorded out- 
side the cell How then does the transmem- 
brane action potential relate to the electrocar- 
diogram recorded from the surface of the heart 
or from the surface of the body^ One simplified 
approach to understanding the complex phe- 
nomena involved will be here presented 

It must be remembered first that the depolar- 
ization of a portion of a fiber initiates a flow of 
current from the polarized zone to the depolar- 
ized zone. This flow of current propagates the 
wave of depolarization until the entire tissue is 
depolarized Since the heart is functionally a 
^ncytium of muscle fibers, if one portion of the 
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muscle becomes depolarized it will initiate a 
wave of activation that will eventually depo- 
larize the entire heart That such is indeed the 
case IS shown by the fact that extrasystoles 
may be produced by touching the epicardium 
of the exposed heart at surgery or by touching 
the endocardial surface with a cardiac catheter 
during diagnostic studies The localized point 
of depolarization initiated by the mechanical 
stimulus is propagated to the entire heart 
muscle 

THE ISOLATED MUSCLE STRIP 

Depolarization The relationship between 
the surface electrocardiogram and the spread of 
depolarization through the muscle is illumi- 
nated by experiments on isolated strips of heart 
muscle Figure 3 58 illustrates the sequence of 
events when a wave of activation sweeps over a 
strip of myocardium with electrodes applied 
directly to its surface On the resting polarized 
muscle there is no difference of potential since 
all parts of the surface are equally positive in 
charge Hence the galvanometer records only a 
straight line at zero potential When the strip is 
stimulated at the region of the negative elec- 
trode to the left of the drawing, this zone be- 
comes depolarized and is electrically neutral 
The other end of the strip is now positive with 
respect to the depolarized zone, and the galva- 
nometer records a positive deflection As the 
wave of activation approaches the positive elec- 
trode more and more positivity is recorded 
until the muscle strip is completely depolar- 
ized, whereupon there is no longer a potential 
difference, and the recording drops abruptly 
to the zero line 

When the positive electrode is placed in the 
middle of the strip and the stimulus is applied 
to the region of the negative electrode, posi- 

Fig 3 58 Depolarization of a strip of myocardium 
with electrodes in direct contact with tissue During the 
resting stage no difference of potential is recorded When 
stimulated at arrow depolarization begins and stimu- 
lated end becomes negative relative to opposite end 
Positivity IS recorded from positive electrode until ac- 
tivation IS completed whereupon no more difference in 
potential exists and recording drops to zero With positive 
electrode m middle of strip positivity is recorded until 
the activation wave arrives under the electrode Since 
the' plane that divides a dipole is at zero potential the 
recording drops immediately to zero As soon as the 
dipole passes the electrode maximum negativity is recor- 
ded and It gradually lessens until the return to zero when 
activation is completed 
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tivity IS recorded until the wave of activation 
passes beneath the positive electrode where- 
upon the recording drops abruptly to a negative 
potential which returns to the zero line when 
the strip becomes completely depolarized In a 
series of simple but beautifully conceived ex- 
periments, Craib (1927) was able to show that 
this phenomena could best be accounted for in 
terms of the migration of a dipole across the 
length of the muscle strip 

A dipole may be conceived of as two points 
of opposite electrical charge separated by a very 
small distance If these points are connected by 
a wire it is understood by convention that cur- 
rent will flow along the wire from the positive 
pole to the negative pole (In point of fact the 
electrons actually flow from the negative to the 
positive pole ) If the dipole is immersed in a 
volume conductor such as a pool of weak saline 
solution, then a three dimensional field will be 
set up with the lines of current flow distributed 
in a pattern as illustrated m Figure 3 59 Isopo- 
tential lines are arranged at right angles to the 
lines of current flow Thus, all points which he 
on the plane perpendicular to the center of the 
axis connecting the two points of the dipole are 
at zero potential The human electrocardiogram 
may be analyzed in terms of the body surface 
potentials generated by a series of dipoles 
within the heart and distributed throughout the 
body which behaves as a volume conductor 
This concept may be clarified by reference to 
an isolated heart muscle strip immersed in a 
volume conductor as shown in Figure 3 60 In 
the resting state the strip is polarized with in- 
numerable dipoles distributed about the surface 
of the strip, positive charges on the outside and 
negative charges on the inside Since the posi- 
tive charges facing the electrode are exactly 
balanced by the positive charges facing away 
from the electrode, there is no difference of 
potential, and no deflection is registered on the 
galvanometer or on the electrographic tracing 
When a stimulus is applied to the end of the 
strip facing away from the electrode, depolari- 
zation begins at that point The dipoles at the 
point of stimulus are obliterated by a flow of 
current across the stimulated membrane, the 
electrical resistance of which drops precip- 
itously The stimulated area is now electrically 
negative with reference to the remainder of the 
strip which IS still positively charged Thus, the 
plane that divides the depolarized from the 
polarized portion may be considered as an in- 
terface separating the positive and negative 



Fig 3 59 Electrical field of a dipole in a volume con 
ductor Solid lines are current flow Dotted lines are iso 
potential lines 

poles of a dipole, and the propagation of the 
wave of depolarization down the muscle strip 
may be thought of as the sweep of a dipole 
across the length of the muscle strip As the 
dipole approaches the electrode increasingly 
larger voltages are recorded as the electrode 
mtersects isopotential lines of higher voltage 
Maximum potential is reached when the dipole 
arrives at the end of the strip nearest the elec 
trode When the entire strip becomes depolar 
ized, it suddenly becomes electrically inert and 
the galvanometer and electrogram immediately 
fall to the zero level 

Figure 3 61 illustrates the electrograms which 
are inscribed when the positive electrode is 
placed at the stimulated end of the strip or at 
the midpoint 

Repolarization. The process of repolanza- 
tion IS of relatively long duration in contrast to 
the rapid spike of depolarization, as demon- 
strated by the monophasic action potential re- 
corded from single fibers with the micropunc- 
ture technique Since the resting transmem- 
brane potential is fully restored after each beat, 
the total electrical charge of repolarization must 
be equal and opposite to the discharge of depo- 
larization If it were presumed that repolanza- 
tion followed the same pathway across the 
muscle strip as the wave of depolarization, then 
one would expect that the repolarization wave 
should be inscribed by the recording oscillo- 
graph as a slow deflection opposite in direction 
to the depolarization spike but encompassing 
the same area While this is indeed the case m 
the isolated muscle strip electrogram, it is not 
the case m the normal human electrocardio- 
gram m which the depolarization and repolar- 
ization deflections usually have the same direc- 
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Fig 3 60 Depolarization and repolarization of a strip of myocardium immersed m a volume conductor Electrode E 
connected to positive pole of recording galvanometer which is paired with a distant electrode at near zero potential 
The advancing dipole at the border between activated and inactivated muscle produces an electrical held which moves 
toward the electrode The electrode is intersected by isopotential lines of increasing force until all difference of potential 
IS extinguished by completion of depolarization Recovery occurs in all parts of the muscle nearly simultaneously but is 
completed at the stimulated end first thus producing relative negativity at the side facing the electrode and giving rise 
to a negative repolarization wave 
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Fig 3 61 Form of complexes mscnbed from elec- 
trodes placed at positions Ei and Eg during depolan2a- 
tion of a strip of myocardium suspended in a volume 
conductor Each electrode paired with a distant indif- 
ferent electrode Tracings on the left side are related to 
El while tracings on the right relate to E2 electrode 

tion, and the areas of the two are rarely if ever 
the same The reasons for the paradoxical ori- 
entation of repolanzation in the human electro- 
cardiogram will be discussed m a subsequent 
section 

Since repolanzation is of long duration, dif- 
ferent phases of it are proceeding simultane- 
ously in various portions of the muscle strip 
and indeed throughout the heart (Fig 3 60) 
Repolanzation, therefore, cannot be analyzed 
as a sequence of propagated electrical events 
and cannot be viewed as a wave front sweeping 
across the muscle Changes in temperature, 
chemical environment, and pharmacological 
agents may produce marked alterations of the 
repolanzation wave without noticeably af- 
fecting the depolarization spike 
Current of Injury. When a portion of my- 
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ocardmm becomes injured, whether it be me 
chanically, chemically, or thermally, the cell 
membranes m the injured area become more 
permeable to 10 ns, and this leads to a less 
ening of the ionic concentration gradients of 
sodium and potassium across the cell mem 
branes and thus to a reduction of the charge 
density in the resting polarized state This re 
duction of positivity m the injured area pro- 
duces a gradient of charge from the uninjured 
to the injured zone A current flows from the 
area of high positivity to the area of low posi 
tivity, this current is called the current of in- 
jury It flows during the resting polarized state 

Figure 3 62 shows how the injury current af 
fects the depolarization and repolanzation 
waves of the electrogram of the isolated muscle 
strip Prior to injury the polarized muscle strip 
gives rise to no potential difference and the 
electrogram tracing is at zero Upon injury of a 
portion of the strip near the electrode, the base 
line shifts in a negative direction since the 
charge density at the injured area is less than 
that over the remainder of the strip The in- 
jured area is thus electrically negative to the 
nonmjured area When the strip is stimulated 
from the nonmjured side the dipole of the de- 
polarization wave sweeps toward the electrode 
producing a positive deflection The tracing 
shows an increasing positive spike until the en- 
tire strip has become depolarized, whereupon 
the electrogram deflection falls to the original 
zero potential, which is well above the nega- 
tively displaced base line of the depolarization 
spike Repolanzation then begins at the zero 
potential line giving the appearance of eleva- 
tion of the repolanzation wave 

If the electrode is placed on the opposite side 
of the strip, then the injury potential displaces 
the base line upward from the zero line The 
depolarization spike is negative, and its termi- 
nation at zero falls below the point of origin 
This gives the appearance of depression of the 
repolanzation wave Thus, the injury potential 
produces elevation of the origin of the repolari- 
zation wave when the electrode faces the in- 
jured zone and depression of the origin of the 
depolarization wave when the electrode faces 
the nonmjured zone 

Another form of injury potential may become 
apparent when the injured zone fails to com- 
pletely depolarize As the dipole of the depolar- 
ization advances toward the electrode, in- 
creasing positivity is mscnbed until the activa- 
tion wave arrives at the border of the injured 
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Fjg 3 62 Sequence of electrical changes m myocardial stnp which has been injured at end near electrode Ei When 
portion of strip becomes injured there is leakage of ions and reduction of surface charge density making injured zone 
less positive than noninjured zone A dipole is thus produced at border of injured zone with negative pole facing the 
electrode during the resting phase The base line is therefore displaced downward to negative position Following 
stimulation the dipole of depolarization sweeps toward electrode producing positive force which neutralizes effect 
of injury dipole In A, the injured zone becomes depolarized and injury dipole is abolished Upon completion of de- 
polarization recording falls to original zero position As repoiarization is completed from left to right the injury dipole 
IS re-established and tracing returns to negatively displaced base line giving appearance of elevation of onset of 
repoiarization deflection If electrode is on opposite side of strip base line is displaced upward and onset of repoiariza- 
tion appears to be displaced downward B shows the sequence when injured zone fails to depolarize The impulse is 
blocked at the boundary of the injured zone which remains polarized and therefore during systole presents a dipole 
with Its positive pole facing the electrode holding the recording in a positive position until repoiarization returns the 
tracing to the negative base line This phenomenon is called the monophasic injury wave 

zone where it is blocked At this point, the in- jured zone The persistence of the dipole at the 
jured zone maintains it weakly polarized state, completion of activation maintains positivity at 
but the noninjured zone has become depolar- the electrode until the repoiarization process m 
ized making it electrically negative to the m- the uninjured zone slowly returns the tracing to 
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the isoelectric line The resulting complex rep- 
resenting a fusion of depolarization and repo- 
lanzation waves has been called the mono- 
phasic injury wave (Fig 3 62B) 

A third explanation for the injury potential is 
that the injured tissue repolarizes more rapidly 
than normal and therefore has a positive charge 
in relation to the surrounding normal tissue 
during an early part of the recovery period An 
electrode near the injured zone faces relative 
positivity during this part of the recovery pe- 
riod and thus records elevation of the origin of 
the repolarization wave 



interval 


Mlammaiian EBectrocardiogram 

NOMENCLATURE 

The mammalian electrocardiogram contains 
three major components during each cardiac 
cycle (Fig 3 63) According to the nomencla- 
ture devised by Einthoven, the component pro- 
duced by atrial activation is called the P wave, 
the one produced by ventricular activation is 
the QRS complex, and the component pro- 
duced by ventricular recovery is the T wave 
The P wave is separated from the QRS com- 
plex by a usually isoelectric interval called the 
PR segment Atrial repolarization begins after 
the first portion of the P wave and may produce 
a visible deflection of the PR segment called 
the Ta wave In man it is generally not identifi- 
able but may be prominent in certain larger 
species such as the horse When present, it is 
usually in an opposite direction from the P 
wave and may extend beyond the QRS com- 
plex, deviating the initial portion of the ST seg- 
ment (q V ) This effect of a large Ta wave can 
be mistaken for abnormal ST segment devia- 
tion Individual deflections in the QRS com- 
plex are labeled as follows if the initial de- 
flection is negative (downward from the base 
line) it is a Q wave, the first positive (upward) 
deflection is an R wave, and a negative deflec- 
tion following the R is an S wave Subsequent 
positive and negative deflections m this com- 
plex are labeled R', R", etc , and S', S", etc , 
respectively The interval between QRS and T 
is the ST segment The junction between the 
end of the QRS complex and the ST segment is 
called the ST junction or J point A small after- 
potential called the U wave is sometimes seen 
following the T. The duration of the compo- 
nents and intervals vary with species and age 


Fig 3 63 A single electrocardiographic complex giving 
nomenclature of the deflections and the intervals (Burch 
and Wmsor 1966) 

The intervals also vary inversely with heart rate 
In the normal adult human the P wave is 0 07 to 
0 12 sec m duration, the PR interval measured 
from the beginning of the P wave to the begin 
ning of the QRS complex is 0 12 to 0 20 sec , 
the QRS complex is 0 05 to 0 10 sec , and the 
QT interval measured from the beginning of 
the QRS complex to the end of the T wave is 
0 26 to 0 45 sec at normal heart rates 

DISTRIBUTION OF ELECTRICAL FORCES IN 
THE BODY 

In accordance with dipole theory, the wave 
front of activation is considered to be a polar- 
ized surface with positive charages on its 
leading side and negative charges on the 
trailing side The axis joining each pair of posi 
tive and negative charges is perpendicular to 
the polarized surface, and the density of 
charges is considered to be a constant Atrial 
and ventricular activation are schematically 
described by the development of polarized sur 
faces which spread across the myocardium and 
are extinguished when they reach a margin of 
the myocardial syncytium or an area of acti- 
vated muscle Laws governing the distribution 
of electricity m a volume conductor define the 
electrical field produced m the body by such 
polarized surfaces 

When viewed from a sufficiently distant 
point P, a polarized surface can be represented 
by a single central resultant dipole with its axis 
perpendicular to a plane intercepting the 
boundary of the surface, and its charge propor- 
tional to the area of this plane (Fig 3 64A) 
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Fig 3 64 Calculation of positive potential (V) at 
point P when polarized surface S is considered as a single 
dipole Arrow indicates axis of dipole If P is located on a 
unit sphere then R = 1 As P moves away from the di- 
pole axis Its potential diminishes as cos 6 diminishes from 
1 toward zero The numerical value of cos 6 is given by 
the distance on the axis from the center of the circle to 
the perpendicular dropped from P M = dipole moment 
B, illustration of solid angle principle Two charged sur- 
faces Sj and $2 have similar charge density but different 
areas and opposite orientation of charge At point Pi 
the net potential is positive because S 2 subtends a larger 
solid angle than Si At point P 2 the net potential is neg- 
ative because Si subtends the larger solid angle C, de- 
termination of voltage at point P when strength of dipole 
IS represented by vector E Voltage is proportional to E 
cos B and is found by drawing perpendicular from the 
lead line to the terminus of vector Voltage at P is de- 
termined by the distance measured along lead line from 
center of dipole to the perpendicular 

The electrical potential (Vp) at a distant point 
m a large volume conductor containing a dipole 
with charges close together is proportional to 
M cos /9/R^ where M is the electrical force of 
the dipole (determined by the quantity and dis- 
tance between charges), R is the distance from 
P to the center of the dipole, and 6 is the angle 
between the dipole axis and the line from P to 
the dipole center A positive potential is re- 
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corded at P when it faces the positive side of 
the polarized surface The direct relationship 
between Vp and cos 6 indicates that potential 
at P is maximal when the dipole axis is parallel 
to R and zero when it is perpendicular to R Vp 
IS also proportional to the solid angle at P 
which is subtended by the boundary of the po- 
larized surface (Fig 3 64R) This solid angle is 
equal to the area cut on a unit sphere by lines 
drawn from its center at P to all points on the 
boundary of the polarized surface When two or 
more polarized surfaces subtend solid angles at 
P, the resultant Vp is proportional to the sum of 
the solid angles, with due regard for their sign 

The electrical potential at any point m the 
body or on its surface can theoretically be pre- 
dicted in terms of the solid angles subtended 
by polarized surfaces developed m the heart 
during activation, and this has been done in a 
qualitative fashion However, it is impossible to 
reverse the procedure and derive information 
about the size and orientation of the individual 
polarized surfaces from a knowledge of the re- 
sultant solid angle It has been more practical 
to analyze tracings recorded at a distance from 
the heart in terms of resultant vectors which 
indicate the magnitude and mean direction of 
electrical forces developed during the cardiac 
cycle without any implications about the polar- 
ized surfaces responsible for them When 
viewed from a distance, the total electrical 
forces of the heart at any instant can be consid- 
ered as a single dipole that is described by a 
vector oriented in the direction of the dipole 
axis with magnitude proportional to the dipole 
moment This vector represents the sum of 
many individual vectors each of which de- 
scribes a single dipole at a polarized surface 

VECTOR ANALYSIS AND 
ELECTROCARDIOGRAPHIC LEADS 

A vector quantity is represented geometri- 
cally by an arrow with its direction and length 
related to the direction and magnitude of the 
quantity it describes It can be shown that elec- 
trical potential (Vp) at a point P in a volume 
conductor is proportional to the geometric 
projection of an arrow representing a dipole 
vector onto a line (the lead axis or lead line) 
drawn from P to a point of zero potential at the 
center of the dipole Vp is proportional to E cos 
6 when E is the magnitude of the dipole vector 
and 6 is the angle between the vector and the 
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lead line (Fig 3 64C) An electrocardiograph 
will record this potential if one electrode is 
placed at P and the second electrode is placed 
at a point of zero potential However, when two 
electrodes are placed on the body surface, the 
tracing recorded represents only the difference 
between potentials of the same order of magni- 
tude at each electrode and does not give any 
specific information about the potentials at ei- 
ther point 

Einthoven described a method for vector 
analysis of such tracings recorded from pairs of 
electrodes on the body surface at a distance 
from the heart He assumed as a first approxi- 
mation that electrical forces of the heart origi- 
nate in a relatively small area at the center of a 
homogeneous volume conductor, and that the 
regions where each arm and the legs join the 
trunk are points equidistant from each other 
The extremities behave as linear conductors 
connected to the trunk so that an electrode 
placed anywhere on an extremity is equivalent 
to one at its junction with the trunk Electrodes 
placed on each arm and a leg are then consid- 
ered to be located at the apices of an equilat- 
eral triangle with the heart at its center, and 
differences in potential recorded between these 
points represent the projection of vector forces 
originating from a dipole at the center of the 
triangle onto lead lines drawn between its api- 
ces Potential differences between the extremi- 
ties are customarily recorded in three standard 
limb leads obtained by connecting two of the 
limb electrodes at a time to the electrocar- 
diographic instrument in the manner illus- 
trated m Figure 3 65 The polarity of the elec- 
trode connections is such that a positive charge 
facing the left shoulder will produce a positive 
deflection (upward from the base line) in lead 
I, and a positive charge facing the foot will 
produce positive deflections in both leads 11 
and in Einthoven deliberately arranged the 
polarity of lead 11 in a manner inconsistent 
with the other two leads so that ventricular ac- 
tivation would produce positive deflections in 
all three leads of most normal records Differ- 
ences in potential are recorded in the three 
limb leads according to the following relation- 
ship I == VL VR, n - VF - VR, m = VF 
— VL, where VR, VL, VF represent potentials 
at the right arm, left arm, and left leg, respec- 
tively. Since the three leads form a closed cir- 
cuit the algebraic sum of their potential differ- 
ences at any instant is zero Because of the re- 





Fig 3 65 Einthoven triangle R right arm L left 
arm F foot Mean electrical axis is derived from lead I 
and lead III QRS complexes by drawing perpendiculars 
from the lead lines at points determined by amplitude of 
QRS Intersection of perpendiculars determines the mean 
electrical axis E 

versed polarity of lead II, this relationship (Ein- 
thoven’s “law”) is actually I - II -i- III = 0, or 
I + III = II This IS really merely a consequence 
of Kirchhoff s second law of circuits The valid- 
ity of this equation does not depend on any 
assumptions relating to the electrical homo 
geneity and geometry of the volume conductor 
or location of the heart 
It is possible to derive the potentials at each 
extremity from these bipolar leads if Einthov- 
en 's hypotheses are correct That is, if the loca- 
tion of the extremity electrodes is equivalent to 
the apices of an equilateral triangle on the sur- 
face of a homogeneous volume conductor with a 
point source of electrical potential m the cen- 
ter, then VR -f VL -f VF — 0, and it can be 
demonstrated algebraically that VR = — (I -|- 
ID/3, VL - (I - nD/3, and VF - (R + IID/S 
However, if Einthoven’s hypotheses are correct 
it IS also possible to obtain an indifferent elec- 
trode of zero potential from a network con- 
necting the three extremities, and then one 
may determine the potentials at any point m 
the body with an exploring electrode Wilson 
(1934) demonstrated that the potential (VT) at 
a central terminal connecting the three extrem- 
ities through equal resistances is equal to the 
mean of the potentials at the extremities, and 
so VT = (VR 4- VL -f- VF)/3 - 0 m this spe- 
cial situation Differences between resistances 
at the three skin- electrode interfaces which 
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would affect VT are minimized by a high input 
resistance m the circuits of modern electrocar- 
diographic instruments Although Einthoven’s 
hypotheses are only a first approximation of 
actual conditions, several studies suggest that 
changes m VT are so small during the cardiac 
cycle that they can usually be disregarded for 
most clinical purposes, and the central terminal 
is considered to have a constant or “zero” po- 
tential Tracings which record differences in 
potential between an exploring electrode and 
the central terminal are called “V” leads and 
are often described as “unipolar leads” to indi- 
cate that they essentially represent changes in 
potential at the site of the exploring electrode 
The exploring electrode in V leads is always 
attached to the positive pole of the electrocar- 
diograph so that when a positive charge faces 
the exploring electrode a positive (upward) de- 
flection is recorded Since the central terminal 
IS considered to have a zero potential, the lead 
lines of V leads extend from the exploring elec- 
trode to the zero pomt at the center of the di- 
pole, and projections of vector forces on these 
lines can be analyzed as described previously 

Clinical electrocardiograms usually include 
six V chest leads recorded with the exploring 
electrode at the positions indicated in Figure 
3 66 The normal precordial lead displays a 
small R wave due to the initial activation of the 
septum from left to right The small R is fol- 
lowed by a deep S wave due to activation of the 
free wall of the left ventricle which produces 
electrical forces directed to the left and away 
from this electrode Leads Vg and Vg are more 
or less the inverse of They usually show a 
small Q wave followed by a large R wave In 
the intermediate leads progressing from Vg to 
Vg there is increasing R wave amplitude and 
decreasing S amplitude Usually at Vg there is 
approximately equal R and S amplitude This 
IS referred to as the transition complex Occa- 
sionally the transition complex may be re- 
corded as far to the right as the V 2 position or 
as far to the left as Vg 

Goldberger (1947) suggested that the poten- 
tial at an extremity could be obtained simply 
by disconnecting one extremity electrode from 
the central terminal and recording the differ- 
ence in potential between it and the remaining 
two electrodes Such tracings have the same 
configuration and 1 V 2 times the amplitude of a 
V lead recorded with an exploring electrode on 
the same extremity The Goldberger arrange- 
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V, V2 V3 V4 V5 Vg 

Fig 3 66 Positions of the chest electrodes for 6 
standard precordial leads Vi fourth intercostal space to 
right of sternum Vj fourth intercostal space at left of 
sternum V4 fifth interspace at midclavicular line Vg 
midway between Vg and V4 Vg anterior axillary line 
same level as V4 Vg midaxillary line same level as V4 
and V5 Below are shown general form of QRS in normal 
precordial leads Vg represents transition from pre- 
dominant negativity on the right to predominant positivity 
on left (Lipman and Massie 1959 ) 


ment for recording “augmented unipolar” ex- 
tremity leads (named aVR, aVL, and aVF) is 
incorporated into the lead selector switch of 
modern electrocardiograph instruments 

Knowledge about the pathway of activation 
of the mammalian heart and the geometry of 
lead lines as developed from the Einthoven 
hypotheses can be used schematically to de- 
scribe the effects of cardiac activation on the 
extremity leads Ventricular activation can be 
described by a series of instantaneous vectors, 
each of which is the resultant of dipoles repre- 
senting the polarized surfaces present at that 
instant It is usual to consider only three or four 
such instantaneous resultant vectors (Fig 3 67) 
1) Initial activation of the septum is repre- 
sented by a small vector directed to the right 
and forward 2) Simultaneous activation of the 
lower septum, free wall of the right ventricle 
and anterior left ventricle is represented by a 
resultant vector directed to the left, forward, 
and downward 3) Continuation of the activa- 
tion process m the posterolateral left ventric- 
ular wall after its completion in most regions of 
the right ventricle is next represented by a 
large vector directed to the left and backward 
4) Terminal activation of the posterobasal left 
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ventricle and upper septum is represented by a 
small vector directed backward and upward 
The interval between these instantaneous 
vectors is 0 01 to 0 015 sec in the dog heart 
and approximately twice as long in the human 
heart One can roughly predict the configura- 
tion of tracings in various leads by projecting 
these hypothetical vectors onto the appropriate 
lead line, or conversely one may derive the in- 
stantaneous vectors from the recorded tracings 
For example, potentials recorded at the same 
instant in two standard limb leads are meas- 
ured and plotted in arbitrary units along the 
appropriate lead lines of an equilateral triangle, 
starting from the zero point at the center of 
each bipolar lead line and extending toward the 
end with the proper polarity Perpendiculars 
dropped from the ends of these two linear plots 
will meet at points which define the origin and 



Fig 3 67 The four major dipole vectors generated 
during ventricular activation giving rise to the deflections 
of the QRS complex By Einthoven s hypothesis these vec- 
tors may all be considered as originating from a single 
point at the center of an equilateral triangle When the 
termini of all resultant instantaneous vectors are con- 
nected a loop IS described The loop is the vectorcardio- 
gram 


terminus of the instantaneous mean vector re 
sponsible for that particular deflection (Fig 
3 65) A single vector depicting the mean direc 
tion of the total electrical forces developed 
during ventricular activation can be derived by 
plotting the algebraic sum of positive and nega 
tive deflections in QRS complexes from each of 
two leads on the appropriate lead lines and 
dropping perpendiculars as described above 
The similarity between this derived vector, 
called the ‘‘mean electrical axis,” and the true 
mean cardiac vector depends on the vahdity of 
the Einthoven hypotheses The electrical axis is 
described according to a system of polar coordi 
nates with 0® at the right hand end of a hori 
zontal line, positive values are below and nega- 
tive values above this line (Fig 3 65) In normal 
humans, the electrical axis commonly falls be- 
tween 0° and -f-90®, displacement in a clock- 
wise direction beyond -f 90° is called right axis 
deviation, and displacement in a counter- 
clockwise direction beyond 0° is called left axis 
deviation The electrical axis is influenced by 
the position of the heart, changes in the func- 
tioning myocardial mass or the pathway of acti- 
vation, and changes m the conducting medium 
surrounding the heart A change in the direc- 
tion of the long axis of the heart produces a 
shift m electrical axis in the same direction 
The electrical axis will shift toward an area of 
hypertrophied myocardium and away from an 
area of infarcted myocardium Since the elec- 
trical axis is determined from potentials re- 
corded at the body surface, it will also be influ- 
enced by changes in the conducting medium, 
such as the introduction of air or fluid into the 
pleural space The electrical axis determined 
from the limb leads represents the projection of 
spatial vectorial forces onto a frontal plane de- 
fined by the Einthoven triangle, an additional 
lead having a lead line in an anteroposterior 
direction is required to estimate the spatial ori- 
entation of these forces 

A line joining the termini of all the instanta- 
neous resultant vectors will form a loop repre- 
senting the sequential change m amplitude and 
direction of the resultant electrical forces 
throughout the cardiac cycle (Fig 3 67) Such a 
loop can be derived by graphic or electronic 
integration of potentials from two simultane- 
ously recorded leads When a loop is obtained 
by electronic integration on an oscilloscope, it 
IS called a vectorcardiogram 
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RECOVERY PROCESS AND THE 
VENTRICULAR GRADIENT 

The recovery process, which is simply a re- 
versal of changes that occur during activation, 
IS characterized by deflections of much longer 
duration and lower amplitude than the activa- 
tion process Atrial recovery produces a pro- 
longed deflection (Tp or Ta wave) which con- 
tinues through the PR interval and into or be- 
yond the QRS complex, but it is generally of 
such low amplitude that it is clearly defined 
only in tracings where P waves are widely sepa- 
rated from the QRS complexes, as in heart 
block The T^ is opposite in direction to the P 
wave in tracings obtained from strips of atrial 
muscle and also from the intact heart, which 
indicates that the recovery process follows the 
same sequence of activation since the two proc- 
esses have opposite electrical signs Ventricular 
recovery occurs during inscription of the ST 
segment and T wave The ST segment corre- 
sponds to the plateau and the T wave corre- 
sponds to the rapid final phase of repolarization 
recorded from single myocardial fibers In man 
the tracing generally shows little or no deflec- 
tion from the base line during inscription of the 
ST segment when large areas of myocardium 
are undergoing recovery simultaneously The 
T wave occurs when recovery is complete in 
some areas but is continuing in other regions 
The T wave recorded from muscle strips is 
opposite in direction to the QRS, as expected 
when recovery occurs in the same sequence as 
activation, but this is not true in direct leads 
on the surface of the intact ventricle where the 
T wave is in the same direction as the major 
deflection of the QRS This indicates that the 
sequence for completion of recovery in the in- 
tact ventricle is opposite in direction to the ac- 
tivation process, and therefore occurs later at 
endocardium than at epicardium 

The relationship between the orientation of 
the electrical forces during activation and re- 
covery has been expressed m vector terms by 
Wilson (1954) and others These investigators 
determined the net area enclosed by QRS de- 
flections and that enclosed by ST and T deflec- 
tions m the limb leads, and used these areas 
(which represent the product of time and vol- 
tage) to plot mean vectors called A QRS and A 
T, respectively The resultant of these ^two vec- 
tors is called the ventricular gradient G If A T 
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was equal in amplitude and opposite m direc- 
tion to A QRS, as expected on a theoretical 
basis from electrograms of muscle strips, their 
resultant or ventricular gradient would be zero 
The degree to which the actual A T deviates 
from the theoretical one is expressed by the 
vector G The gradient is thus a reflection of 
the difference between the sequence of activa- 
tion and recovery 

Abn!crTT3£3iiti©s of the 
EfectfO'Card^ogram 

VENTRICULAR HYPERTROPHY 

Left Ventricular Hypertrophy This often 
causes the following electrocardiographic 
changes 1) increased voltage in leads from the 
precordium, 2) increased duration of the QRS 
complex, 3) rotation of the mean electrical axis 
toward the left, and 4) secondary ST and T 
wave abnormalities in left precordial leads (Fig 
3 68) In the frontal plane the mean electrical 
axis comes to lie in the 0 to -90° quadrant 
(left axis deviation) Right ventricular hyper- 
trophy shifts the mean electrical QRS axis in 
the frontal plane toward the right (usually 
greater than +105°) The R wave m Vi usually 
exceeds S in amplitude and the transitional 
changes in QRS configuration differ from 
normal in that there is a progressive decrease in 
R amplitude and an increase in S amplitude 
(compare Figs 3 66 and 3 68, top) 

RIGHT BUNDLE BRANCH BLOCK 

It will be recalled that in the normal sequence 
of activation the left side of the septum starts 
to depolarize slightly before the right side, the 
free wall of the right ventricle is depolarized 
simultaneously with the left ventricle, and the 
greater thickness of the left ventricle produces 
much larger voltages than those from the right 
ventricle Thus, the only rightward directed 
voltages seen m the normal electrocardiogram 
are those generated initially from the left side 
of the septum and in some instances a small 
late voltage from a late activation of the pulmo- 
nary conus 

When the right conducting bundle is blocked 
either by cutting it experimentally or by some 
pathological process, the activation of the 
right ventricular free wall is greatly delayed 
(Fig 3 69) The first portion of the QRS com- 
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Fig 3 68 Electrocardiogram patterns of right and left ventricular hypertrophy 

plex up to about 0 04 sec is inscribed in a become completely depolarized, there still 
normal manner as it records the activation of remains a considerable portion of the right 
the septum from left to right and the free wall ventricular free wall which has not been de- 
of the left ventricle When the left ventricle has polarized The impulse may spread slowly in a 
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tangential direction through the free wall of the from endocardium to epicardium This slow 
right ventricle rather than being transmitted late right ventricular activation wave, now 

^ algous y to all parts of the unopposed by left ventricular forces and not 

endocardium by Purkmje fibers and spreading having the high proportion of internal cancella- 



Fig 3 69 Patterns of right and left bundle branch block 
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tion characteristic of normal transmission, pro- 
duces a large voltage directed anteriorly and to 
the right which appears late and prolongs the 
QRS to a duration of 0 12 sec or more 

This late right ventricular voltage is in- 
scribed in the electrocardiogram as a late 
slurred R wave in Vi and aVR, and a late 
slurred S wave in Vg , Vg , and aVL 

LEFT BUNDLE BRANCH BLOCK 

Interruption of the left conducting bundle 
causes delay m activation of the left ventricle 
The first portion of the heart to be activated is 
now the right side of the septum by way of the 
right bundle branch The septum is thus acti- 
vated from right to left, producing a large 
voltage directed leftward This large leftward 
voltage is opposed to a small degree by a right- 
ward voltage from the almost simultaneous 
activation of the free wall of the right ventricle, 
but because of the greater muscle mass of the 
septum the net initial voltage is directed 
toward the left The effect on the electrocardio- 
gram IS to produce initial positivity in leads 
I, Vs, and Vs The normal septal Q wave is thus 
abolished in these leads 
The wave of activation is transmitted 
through the septum to the free wall of the left 
ventricle through which it passes slowly in a 
tangential direction from apex to base It is 
probable that there is also some transmission 
from the anterior and posterior septum cir- 
cumferentially so as to envelope the free wall 
in the activation wave The slow activation of 
the left ventricle continues to produce leftward 
directed voltages which are inscribed in the 
electrocardiogram as broad notched or slurred 
R waves in the left precordial leads Vg and 
Vg Duration of the QRS complex is 0 12 sec or 
greater In general the ST and T waves are 
opposite in direction to the QRS complexes 

MYOCARDIAL ISCHEMIA, 

INJURY, AND NECROSIS 

When a coronary artery is gradually com- 
pressed, the first change seen m tracings from 
the area of myocardium supplied by that 
vessel is a deep and symmetrical inversion of 
the T wave This symmetrical form of T wave 
mversion is referred to as T wave inversion of 
the ischemic type (Fig 3 70) It is believed to 
be due to delay in recovery at the epicardial 
region so that there is reversal of the normal 
order of repolarization 


The ischemic T wave inversion is rapidly 
reversible if adequate circulation is restored to 
the myocardium When the blood supply to the 
myocardium is more drastically impaired by 
sudden ligation of a coronary artery, the direct 
epicardial tracing shows the rapid onset of ele- 
vation of the ST segment This elevation may 
be almost as high as the QRS complex and may 
yield a wave form closely resembling the trans- 
membrane action potential obtained with mi- 
cropuncture of a single myocardial fiber The 
ST elevation is believed to be due to a strong 
current of injury causing marked depression of 
the resting isopotential line The ST displace- 
ment may be accompanied by ischemic changes 
in the T waves This injury pattern is also rap- 
idly reversible upon restoration of adequate 
blood flow 

When a coronary artery is permanently li- 
gated, a portion of the myocardium becomes 
mfarcted The presence of electrically inert 
necrotic myocardium results in alterations of 
the QRS complexes of the direct epicardial 
lead If the infarction is completely transmural 
from epicardium to endocardium this mass of 
tissue contributes no potential of its own, but 
simply conducts to the surface the potentials 
which are to be found in the underlying cavity 
The depolarization wave in this case is a purely 
negative QS complex identical to that found m 
the left ventricular cavity The repolarization 
phases contain elements of injury and ischemia 
patterns derived from adjacent viable portions 
of the myocardium 

Exploration of the adjacent areas of myocar- 
dium about a zone of necrosis discloses a zone 
of injury surrounding the necrotic areas (Fig 
3 70) Complexes recorded from the injury zone 
are characterized by marked elevation of the 
ST segment without significant change in the 
morphology of the early portion of the QRS 
The injury zone is surrounded by a zone in 
which the T waves show inversion of the is- 
chemic type This is called the ischemic zone 
Beyond it lies normal muscle disclosing normal 
QRS-T complexes 

Electrocardiograms made from the surface of 
the body include potentials from the entire 
heart, and therefore, the precise localization of 
zones of necrosis, injury, and ischemia cannot 
be derived from the clinical electrocardiogram 
When infarction is present, all of the phe- 
nomena observed in the three zones will be re- 
flected in the appropriate electrocardiographic 
lead Even a precordial lead adjacent to a large 
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area of infarction is influenced by electrical 
events m other parts of the heart and is likely 
to record elements from all three of the zones of 
necrosis, injury, and ischemia 

Thus, the classical pattern of myocardial in- 
farction consists of a deep wide Q wave, ST 
segment elevation, and T wave inversion 
Muscle necrosis cannot be identified with cer- 
tainty from the electrocardiogram without the 
appearance of a pathological Q wave which in- 
dicates a removal of electrically active myocar- 
dium ST and T wave changes of injury and 
ischemia may occur when myocardium becomes 
temporarily or even chronically hypoxic but not 
sufficiently so to produce muscle death On the 
other hand, there may be myocardial necrosis 
m areas completely surrounded by viable tissue 
or in subendocardial zones such that the gen- 
eral pathway of activation might not be mark- 
edly altered In such intramural or subendo- 
cardial infarctions abnormal Q waves may not 
appear even though injury and ischemic ST 
and T changes may be present In such cases 
the presence of muscle necrosis cannot be 
proven by the electrocardiogram Evidence of 
its presence might, however, be obtained by 
other clinical means 

Localization of Myocardial Infarction. 

The general anatomical localization of areas of 


cardiac infarction may often be made from the 
standard 9 or 12 lead electrocardiogram Each 
lead constitutes, so to speak, an electrical view 
of the heart from a different point in space 
(Fig 3 71) 

DRUGS AND ELECTROLYTES 

Digitalis produces a characteristic alteration 
of the ST and T complex which might some- 
times be mistaken for an injury effect (Fig 
3 72) The change consists of a shortening of 
the QT interval and a sagging of the ST seg- 
ment The sagging ST has a “scooped-out” or 
“cuplike” concavity that is easily recognized 
This electrocardiographic sign of digitalis effect 
IS not related to the adequacy of the dose of the 
medication nor to drug intoxication 

Qumidme and procaine amide have similar 
effects on the electrocardiogram They cause 
depression of the ST segment, a decrease in 
amplitude or diphasic configuration of the T 
wave, and an increase m amplitude of the U 
wave The QT interval may be prolonged, or 
may appear prolonged because the U wave is 
superimposed on the descending limb of the T 
wave producing a broad T-U complex which 
may have a notched or undulating appearance 
As the dose is increased slowing of conduction 



Fig 3 70 Schematic diagram of direct epicardial leads taken over an area of myocardial infarction and over 
adjacent zones of injury and ischemia Also shown is a chest lead facing the infarct and a lead from the opposite side of 
the heart At C cavity negativity is reflected in the epicardial lead over the necrotic zone At A is recorded a mono- 
phasic injury wave over the injured zone At B the complex reflects a combination of necrosis and injury At D there 
IS only T wave inversion of the ischemic type over the ischemic zone At Ea over the chest the complex combines 
features of ail three zones and on the opposite side of the heart there are reciprocal changes of increased positivity of 
the R wave and depression of ST (From Barker 1952 ) 
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through the ventricle is produced with resulting long ST segment is due to prolongation of the 
widening of the QRS complexes plateau phase of the recovery process The later 

Among electrolyte ions, calcium and potas- phases continue at their usual rates 
Slum have the most significant effects on the Elevation of the serum calcium has the oppo- 
electrocardiogram (ECG) Hypocalcemia causes site effect of shortening the ST segment by 
prolongation of the QT interval due to prolon- shortening the plateau phase of the monophasic 
gation of the ST segment without distortion of action potential The T wave itself appears 
the T wave The long flat ST segment is fol- undisturbed 

lowed by a T wave of normal amplitude and Reduction of serum potassium appears to 
duration Micropuncture studies of transmem- have two effects, one on the ST-T complex and 
brane action potentials have shown that the one on the U wave When the potassium level 



Fig 3 71 Patterns of acute anterior and posterior myocardial infarcts 
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Fig 3 72 Patterns of digitalis and quinidine effect 
low serum calcium low serum potassium and high serum 
potassium 


in the serum falls to about 3 mEq /liter, the ST 
begins to sag and the T wave becomes lower 
while the U wave becomes more prominent 
The T and U seem to merge into a single wave 
separated only by a slight indentation or 
dimple on the crest This gives a false impres- 
sion of a markedly prolonged QT With very 
low levels of potassium the ST segment be- 
comes depressed below the base line and the U 
wave exceeds the T in height This gives the 
appearance of a stepwise ascent of the ST-T 
complex This pattern is usually seen with 
serum potassium of 2 5 mEq /liter or less 
Elevation of serum potassium leads first to 
an increasing amplitude of the T wave in leads 
where the T is normally upright The tall T 
waves have a tent-like appearance with similar 
slopes on the upward and downward limbs 
With higher levels of serum K (8 mEq /liter 
approximately), the PR interval becomes pro- 
longed and the QRS begins to widen out as 
conduction becomes impaired At about 9 
mEq /liter, the P wave disappears entirely and 


the QRS takes on a bizarre shape merging with 
the tall T wave to produce a distorted sine 
wave-like pattern which usually heralds ter- 
minal ventricular fibrillation or standstill 

Csrd^ac arses 

Co-iciicaop Dsstyrbeocss 

The following is a convenient classification of 
cardiac irregularities 

A Affections of rhythm due to impaired 
conduction through the AV node and the 
bundle of His 

I Delayed conduction (concealed con- 

duction) 

II Missed beats, partial heart block 
III Complete heart block 

B Wolff-Parkmson- White syndrome 
C Affections due to abnormal impulse for- 
mation 

I Extrasystoles 

(1) Ventricular 

(2) AV junction 

(3) Atrial 

II Paroxysmal tachycardia 

Atrial, AV junctional, and ventric- 
ular 

III Atrial flutter 

IV Atrial fibrillation 

V Ventricular fibrillation 
D Alternation of the heart 

E Affections due to vagal influences 
I Sinus arrhythmia 

II Phasic irregularity 

III Sinus bradycardia 

IV Sinoatrial block 

V Atrioventricular block 


AFFECTIONS OF RHYTHM RESULTING 
FROM IMPAIRED CONDUCTION 

In the AV Node or Stem of the Bundle 
Atrioventricular Block. In animals, conduc- 
tion from atrium to ventricle can be depressed 
or blocked by crushing, cutting, or the applica- 
tion of cold to the AV bundle This strategic 
point in the pathway of the excitation wave is 
also attacked by disease, and conduction 
through it may be depressed or completely 
abolished 

Concealed conduction is a term used for the 
situation in which impulses penetrate the AV 
conduction system but fail to emerge from it 
(Moore et al , 1971) In the electrocardiogram 
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such concealed impulses are inferred owing to 
their known effects on subsequent characteris- 
tics of AV conduction such as 1) delay or 
blocking of AV conduction of a succeeding 
impulse, 2) acceleration of AV conduction of a 
succeeding impulse, 3) delay or abolition of the 
expected discharge of an ectopic pacemaker 
located in AV junctional tissues Concealment 
and its subsequent effects are physiological 
phenomena related to the conduction and re- 
covery characteristics of the AV conduction tis- 
sues 

Depression of conduction through the node 
or bundle varies in degree Three stages are 
recognized 

Delayed Conduction (Incomplete Atrioven- 
tricular Block) In this stage conduction is 
merely slowed, every impulse reaches the ven- 
tricle The intervals between the atrial and 
ventricular systoles (Ag-Vg intervals) are 
lengthened beyond the normal maximum of 
0 2 sec and may have a duration of 0 5 sec , 
though, as a rule, they are considerably shorter 
than this The condition can be recognized 
by means of the electrocardiograph or from a 
venous pulse tracing Lengthening of the PR 
interval in the former tracing, or of the a-c 
interval in the latter, beyond 0 2 sec is taken 
to indicate delayed conduction (Fig 3 73) 

Missed Beats — Partial Heart Block (Incom- 
plete Atrioventricular Block with Dropped 



Fig 3 73 Upper tracing delayed conduction lead 1 
Lower tracing incomplete heart block lead I (missed 
beats) (Kindness of Dr John Hepburn ) The diagram be- 
low (after Lewis) represents incomplete heartblock The 
thin rectangles A. represent contractions of the atria 
the thicker ones. V contractions of the ventricle The 
obliquely directed lines represent conduction over the 
AV bundle the slower the conduction rate the more 
oblique the line The gaps in the lower rectangles indicate 
missed beats of the ventricle It will be noted that delay 
in conduction increases progressively in successive cycles 
until a beat is missed Heavy vertical lines = sec 



Fig 3 74 Above — complete heart block atrial rate 
75 ventricular rate 36 lead 2 Below — Wolff Parkin 
son-White syndrome lead 1 PR interval 0 09 sec QRS 
interval 0 1 1 sec 

Beats) When impaired conduction reaches a 
certain degree, impulses from time to time fail 
to reach the ventricle, and a beat is missed 
The atrial beats are perfectly regular, and in 
this way the condition differs from sinoatrial 
block A ventricular beat may be missed only 
occasionally and at irregular intervals The PR 
interval of the electrocardiogram, or the a-c 
interval of the venous pulse, may generally, 
though not invariably, lengthen progressively 
for several heart cycles preceding a dropped 
beat The periods of progressively delayed 
conduction preceding the missed beat are 
called, after their discoverer, the Wenckebach 
periods The interval of the cycle succeeding 
the missed beat is shortened again to near the 
normal length In a further stage of the condi- 
tion the beats are dropped more frequently 
and may be spaced at either regular or irregu- 
lar intervals m the tracing When the grade of 
block IS still more advanced, impulses fail to 
penetrate the bundle after every second atrial 
beat, or three, or even four atrial contractions 
may occur before an impulse reaches the ven- 
tricle, 1 e , the ventricle responds only to every 
third or fourth atrial beat So, an atrioventric- 
ular rhythm becomes established in which the 
two chambers beat m the ratio of 2 1, 3 1, or 
4 1 

Complete Heart Block (Complete Atrioven- 
tricular Block) When the AV node or bundle 
offers an absolute barrier to the passage of the 
impulse, the dissociation of the rhythms of the 
upper and lower chambers is complete (Fig 
3 74) The atria beat at their own rate of about 
70/min and the ventricles at their inherent 
rate of about 35 The impulses that drive the 
ventricles are believed to arise only in the AV 
junctional region, bundle of His, right or left 
bundle branches or in the Purkinje fibers 
Hoffman has shown through extensive investi- 
gation of the transmembrane action potentials 
of many areas of the heart that only the special- 
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ized conducting tissues have the property of 
automaticity that would permit their cells to 
take over pacemaking function The property of 
automaticity is characterized by the ability of 
the cell to undergo gradual spontaneous dia- 
stolic depolarization to the threshold level of 
potential at which an action potential spike is 
initiated Ventricular myocardial cells do not 
have this property The speed with which a 
particular region of the heart can develop and 
discharge impulses apparently determines its 
ability to dominate other regions It has been 
mentioned that when a region of higher rhyth- 
micity IS destroyed or isolated the region next 
in order of rhythmical power assumes the role 
of pacemaker When, for instance, the SA node 
IS destroyed or isolated the AV junctional re- 
gion assumes control, and when this or the 
upper part of the bundle is separated from the 
tract of tissue below, the lower lying portion 
takes over the government of the ventricular 
rate 

WOLFF-PARKINSON-WHITE (WPW) 
SYNDROME (ACCELERATED CONDUCTION, 
VENTRICULAR PRE-EXCITATION) 

In this rare congenital anomaly the PR in- 
terval of the electrocardiogram is shortened and 
the QRS complex prolonged The PR interval 
is 0 12 sec or less and the QRS complex ex- 
tended to over 0 10 sec (Fig 3 74) The short- 
ened PR interval may be due, in some cases, 
to an accessory conducting strand between 
atrium and ventricle Butterworth and Poin- 
dexter (1942) fashioned an extra electrical con- 
duction pathway m the dog’s heart, which, 
when stimulated, produced an electrocardio- 
gram similar to that characteristic of the 
syndrome Wood et al (1943) in the histologi- 
cal examination of the heart of a patient which 
had shown this syndrome, also found three ac- 
cessory pathways from the right atrium to 
the ventricle 

Moreover, Boineau, and Moore (1970) dem- 
onstrated a physiologically active atrioventri- 
cular muscular bridge (Kent bundle) ac- 
counting for ventricular pre-excitation in a dog 
with spontaneous WPW Further, surgical sepa- 
ration of the right atrium and right ventrical or 
digital pressure at the site of ventricular pre- 
excitation in humans with WPW have been 
shown to normalize atrioventricular conduc- 
tion Prinzmetal and his colleagues (1952) have 
produced typical WPW complexes in dogs by 
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applying a nonmterrupted direct current of 
subthreshold strength to the AV node, but such 
complexes could not be induced after severance 
of the AV bundle — an indication that the im- 
pulses traverse the normal AV connections 
These investigators carried out a large number 
of similar experiments in which the movements 
of the heart were recorded by high speed cine- 
matography, and the records analyzed after 
slowing down to half speed They conclude 
from their observations that the accelerated 
conduction of the WPW syndrome is due to 
shortening of the delay of the impulse at the 
AV node to a fraction of the normal which 
amounts to about 0 12 sec 

These experiments indicate the WPW syn- 
drome can have a physiological as well as an 
anatomical basis 

The prolongation of the QRS complex is at- 
tributed to early activation of a portion of my- 
ocardium followed by normal activation of the 
remaining muscle The significance of this unu- 
sual mechanism lies in the fact that persons 
who display this electrocardiographic pattern 
are particularly prone to have frequent bouts of 
paroxysmal rapid heart action of one type or 
another 

DISTURBANCES OF RHYTHM DUE TO 
ABNORMAL IMPULSE FORMATION 

Extrasystoles or Premature Contractions. 

An extrasystole can be induced experimentally 
by stimulating the cardiac muscle at any time 
except during its phase of absolute refractori- 
ness Extrasystoles occur in the human heart as 
a result of some abnormal process of impulse 
formation Though extrasystoles may be asso- 
ciated with organic_Jmai:t_^^ase they more 
frequently occur in its absence, they may then 
be reflexly initiated from the abdominal viscera 
or be due to some form of intoxication, e g , 
digitalis^, cyclopropane anesthesia, hyperthy- 
roidism, excessive smoking, excessive coffee or 
alcohol ingestion, stimulant drugs such as am- 
phetamine, nervous tension, anxiety, or exhaus- 
tion Electrical stimulation of various parts of 
the brain (eg, sigmoid gyrus, limbic lobe, hy- 
pothalamus, amygdala, etc ) in cats can pro- 
duce atrial and ventricular extrasystoles (Hoff 
et al , 1963), and their occurrence in man fol- 
lowing brain lesi^^ has been reported, which 
mdicates that in some instances they are of 
central origin The atrium or the ventricle may 
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be the site of origin of the premature contrac- 
tion, or the extra impulse may arise in the AV 
junctional tissues (see diagrams, Fig 3 75) 
Ventricular Extrasystoles The premature 
contraction occurs after the normal ventricular 
beat has ceased and the muscle has recovered 
from its absolute refractory state It is not pre- 
ceded by an atrial contraction, and is not de- 
pendent upon an impulse received from the 
upper chamber (Fig 3 76) Since the impulses 
arise m one or the other bundle branches or in 
the Purkmje fibers, the electrocardiographic 
patterns of ventricular premature beats often 
resemble those of right or left bundle branch 
block They are broad and bizarre not resem- 
bling the normal complexes The premature 
contraction is followed by a long pause This is 



Fig 3 75 (After Lewis) I a diagram illustrating dis- 
turbance of the hearts mechanism when a systole is 
caused by exciting the ventricle during diastole Ic initial 
cycle Fc forced or extrasystolic cycle Rc returning cycle, 
and Rsc restored cycles p is the premature or forced 
beat Note that the atrial rhythm remains undisturbed 
The forced and returning cycles are together equal in 
length to two initial cycles // a diagram illustrating the 
events when a premature contraction is excited from the 
pacemaker Stimulus production in the tissue which 
originates the heart rhythm is indicated by the line S P , 
the impulse is supposed to discharge when it reaches the 
line xx' and to fall at each contraction of the heart to the 
level yy c and d are equal in length III, a diagram illus- 
trating a premature beat arising in the AV junctional tis- 
sue , 
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Fig 3 76 Upper ventricular extrasystole with com 
pensatory pause middle interpolated ventricular extra 
systole lower coupled ventricular extrasystoles (bigemi 
nal rhythm) Note that the intervals between the ectopic 
ventricular beat (extrasystole) and the preceding nor 
motopic beat are identical Such ‘fixed coupling inter 
vals are characteristic of ventricular ectopic beats arising 
from the same focus 

usually of just sufficient duration to cause the 
succeeding normal ventricular beat to occur at 
the instant that it would have occurred had 
there been no premature contraction The 
cause of this compensatory pause has been ex- 
plained elsewhere Briefly, it is due to the 
normal impulse reaching the ventricle when the 
muscle is still refractory as a result of the pre- 
mature beat The interval between the normal 
beat and the one following the premature con- 
traction IS therefore equal in length to two 
normal cardiac cycles (Fig 3 75i) Sometimes, 
however, when the extrasystole occurs early in 
diastole and the heart rate is slow, there may 
be no compensatory pause The atrial impulse 
then reaches the ventricular muscle after it has 
recovered from the refractory state resulting 
from the premature beat, the atrial impulse 
therefore brings about a response at, or (as a 
result of some lengthening of the As-Vs interval 
following the premature beat) slightly after the 
usual time The normal ventricular systoles are 
then all equally or nearly equally spaced and 
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the extra contractions are interposed here and 
there between them That is, the time interval 
from the normal beat preceding the extra con- 
traction to that following it is of normal length 
or but slightly lengthened Premature beats of 
this nature are called interpolated extrasystoles 
(Fig 3 76) It should be noted that except in 
the case of interpolated beats there is not an 
extra or additional beat, as the term extrasys- 
tole seems to imply The premature beat, in 
effect, displaces the normal beat 

Atrial Extrasystoles The premature contrac- 
tion arises in the atria at some point outside 
the SA node The abnormal impulse reaches 
the ventricle along the usual paths evoking a 
ventricular contraction and giving rise to an 
electrocardiographic complex similar to the 
normal ones If the atrial beat is so premature 
that sufficient time has not elapsed to permit 
complete recovery of the ventricular muscle 
from its refractory state, then the impulse may 
be conducted aberrantly through the ventricle 
giving rise to a weak contraction and to an 
electrocardiographic complex having a different 
pattern from the normal beats The premature 
atrial beat prevents the occurrence of the next 
normal atrial impulse and the pause of the 
atrium which follows the abnormal atrial con- 
traction IS usually precisely equal to a normal 
interval 

AV Junctional Extrasystoles Extrasystoles 
occur sometimes as a result of impulse forma- 
tion m automatic cells located in a specific re- 
gion of the AV junction or supraventricular 
part (stem) of the bundle The terms AV 
rhythms or AV junctional rhythms have been 
adopted because there is uncertainty about 
their anatomical origin (Marriott, 1966) Spon- 
taneously automatic or pacemakmg cells are 
found in tissues around the AV node and in the 
His bundle, but not in the node proper (Hoff- 
mann and Cranefield, 1964) On account of its 
central position between the two chambers, 
impulses arising m these cells pass upward and 
downward to cause simultaneous or nearly si- 
multaneous responses from atria and ventricles 
Sometimes the ventricular contraction may 
actually occur first, in which case it is suggested 
that the impulse has arisen m the stem of the 
bundle and so has its course to the ventricular 
muscle considerably shortened The extra cycle 
IS usually, though not invariably, followed by a 
compensatory pause (Fig 3 75///) 

In rare instances extrasystoles arise as a re- 
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suit of abnormal impulses initiated in the si- 
noatrial node — sinus extrasystoles Except 
for the interposition of the extra beat the 
rhythm of atria and ventricles is but little 
disturbed The interval following the extra beat 
is normal m length or slightly shortened 

Effect on the Arterial Pulse Several long- 
recognized irregularities of the pulse are the 
result of extrasystoles For example, in the ir- 
regularity known as intermittent pulse there 
appear from time to time relatively long inter- 
vals during which no beat is felt m the radial 
pulse (Fig 3 77a) The intervals are most pro- 
nounced when a premature contraction of the 
ventricle is too weak to open the semilunar 
valves When the extrasystoles are forceful 
enough to open these valves, and when they 
occur regularly one after each normal systole, 
paired pulse beats, each couple being followed 
by a long pause, are felt in the radial pulse 
(Fig 3 775) This type of irregularity, some- 
times seen following overdosage with digitalis, 
IS called the bigeminal pulse 

Paroxysmal Tachycardia. This may be de- 
fined as a condition in which the rate of the 
heart is greatly accelerated for a longer or 
shorter period without obvious cause The rate 
varies m different cases from 140 to 250/min 
The onset of the paroxysm is sudden and the 
mcreased rate is maintained for a variable 
length of time with perfect regularity, succes- 
sive cycles usually not varying in length by 
more than a hundredth of a second The pa- 
roxysm lasts for only a few beats in some in- 
stances, in others it persists for a few minutes, 
hours or even days, though attacks of more 
than ten days’ duration are very rare (Lewis, 
1925) The attack ceases as abruptly as it com- 
menced, the heart resuming its normal rate 
almost instantly 

The paroxysm, it is believed, consists of a 
series of rapidly recurring extrasystoles which 
completely submerge the physiological rhythm 



Fig 3 77 a Intermission of the pulse b pulsus bi- 
geminus due to a single extrasystole with its succeed- 
ing compensatory pause occurring regularly after each 
normal beat Ex S extrasystole (After Price) 
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The site of origin of the extrasystoles, as in the 
case of single premature beats, may be in the 
atria, the AV junctional tissues, or in the ven- 
tricle (Fig 3 78) The atrial type is the most 
common, each atrial impulse spreads to the 
ventricle and causes a contraction whose fea- 
tures as indicated by the electrocardiogram are 
normal The P wave is frequently inverted 
When the impulses arise in the AV junc- 
tional tissues, the PR intervals of the electro- 
cardiogram are shortened Inversion of the P 
waves is common, or, the contractions of the 
two chambers may be simultaneous, the P 
waves being then buried in the ventricular 
(QRS) complexes Again, the contraction of 
the ventricle may occur before that of the 
atrium, it then sometimes happens that a pro- 
gressive lengthening of the intervals between 
the R and P waves (RP interval) of the electro- 
cardiogram IS seen, ultimately an atrial beat 
is missed This is termed reversed heart block 
In other instances, as the RP intervals reach a 
certain length, a contraction of the ventricles 
occurs prematurely, and is not followed by a 
contraction of the atria It is thought that the 
ventricular contraction is caused by the same 
impulse that caused the preceding atrial beat 
That is, the impulse arising m the nodal region 
first excites the atrium, then re-enters the 
junctional tissue, which has now recovered 
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Fig 3 78 Upper nodal tachycardia at a rate of 1 20. 
lead 2 (note inverted P waves) middle atrial tachy 
cardia at a rate of 200 lead 2 lower ventricular tachy- 
cardia at a rate of 200 lead 2 


from its refractory phase, and passes down- 
wards to the ventricle This is spoken of as 
reciprocal rhythm 

When the impulses arise in the ventricle 
the QRS complexes have the characteristics 
of those caused by ventricular extrasystoles 
The atrial rhythm is usually undisturbed, but 
occasionally it is abnormal, for when a senes 
of rapidly recurring contractions arises in the 
ventricle, the impulses may pass along the 
bundle in a retrograde fashion and activate the 
atria to the exclusion of the normal impulse 
In other words, the ventricle then sets the 
pace, and the atria follow In such instances 
the P waves are inverted and succeed the 
QRS deflections, or are buried in the ventricu- 
lar complexes as in the AV junctional type 
mentioned above 

Atrial Flutter. There are two forms of this 
disorder, pure and impure flutter In both types 
the atria beat at the phenomenally rapid rate of 
from 250 to 400 beats per mm , but m pure 
flutter the rhythm is regular, in impure flutter 
it IS irregular Flutter differs from paroxysmal 
tachycardia m the following particulars a) the 
atrial rate of beating is usually much greater 
than that seen in paroxysmal tachycardia b) 
the disorder is of much longer duration, per- 
sisting unchanged for months or years, though 
it IS sometimes transient c) the ventricles fail 
as a rule to follow the rate of the atria, a state 
of relative heart block becomes established as a 
result of the comparatively long refractory 
phase of the functional tissue 

Atrial flutter may become converted to atrial 
fibrillation 

In pure flutter the rhythm is remarkably reg- 
ular (Fig 3 79) The lengths of the atnal 
cycles vary no more than a few thousandths of 
a second over comparatively long periods In 
impure flutter this constancy of cycle length is 
not seen and varying degrees of irregularity 
occur In flutter the atnal walls do not com- 
pletely relax That is, though the proportion of 
active to inactive fibers varies during the rapid 
beating, at no one time are all the fibers in the 
relaxed state In the electrocardiogram, there- 
fore, the level of the tracing between the P 
waves is continually changing and the electrical 
changes of the atria are earned over to alter 
the form of the ventricular complex 

The ventricles rarely keep pace with the 
racing atria, the refractory phase of the con- 
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Fig 3 79 Pure flutter with a ventricular extrasystole 
(Kindness of Dr John Hepburn ) 

ducting tissue being longer as compared with 
that of the atrial muscle As a consequence, a 
state of relative heart block develops and an 
atrioventricular rhythm of 2 to 1, or less fre- 
quently, of 3 to 1 or 4 to 1, becomes estab- 
lished Sometimes there is variable block with 2 
to 1, 3 to 1, 4 to 1, and occasionally even 
greater intervals occurring in the same strip of 
record Should the ventricle respond to each 
beat of the auricle, as occasionally happens, se- 
rious circulatory disturbances follow, ventric- 
ular diastole is so shortened that the ventricle 
receives a greatly reduced load of blood The 
output of the heart may be so reduced as a re- 
sult that loss of consciousness resulting in death 
may follow 

Atrial Fibrillation. In atrial fibrillation 
sequential coordinated excitation of the atrial 
musculature is replaced by chaotic, asynchro- 
nous contraction of small localized areas The 
atrial cavity is never emptied of blood and its 
wall IS a quivering sheet of muscle Atrial fibril- 
lation IS the most common of all the serious 
cardiac irregularities It is most frequently 
seen in mitral stenosis and in thyrotoxicosis, 
but sometimes occurs in the absence of myo- 
cardial disease 

Only a proportion of the atrial impulses pass 
through the AV bundle and activate the ven- 
tricle The relatively long refractory period of 
the conducting tissue shields the ventricle from 
the high rate of the atrial impulses The arterial 
pulse, nevertheless, is usually considerably 
faster than the normal (100 to 150) though it 
may be normal or even slowed Those impulses 
which reach the ventricle do so in a somewhat 
haphazard manner, and indeed one of the most 
characteristic features of fibrillation of the atria 
is absolute irregularity in the rate and force of 
the ventricular beats These features are ex- 
pressed in the terms ''delirium cordis,'' "com- 
plete irregularity of the pulse," or "perpetual 
arrhythmia," which were applied to the condi- 
tion before its true nature was recognized A 


EJectroph/s^oiogy of the heart 3-81 

proportion of the heart beats are frequently so 
weak that they fail to cause pulse m the radial 
The apex beat is therefore much more rapid 
than the pulse The former, for example, may 
be 150 and the latter only 60 or 70 The differ- 
ence is called the pulse deficit With treatment 
and improvement m the condition of the car- 
diac muscle, the pulse rate therefore may in- 
crease 

The venous pulse in atrial fibrillation is of 
the ventricular form, a waves are absent, being 
represented by a senes of rapid v ibratory waves 
(/ waves) Similarly in the electrocardiogram, 
small rapid undulations replace the P waves 
(Fig 3 80) 

Processes Underlying the Production of 
Flutter and Fibrillation of the Atria The 
Circus Movement Theory vs the Theory of 
Numerous Separate Points of Excitation The 
observation that fibrillation could be induced 
in animals by electrical stimulation has led to 
a much clearer understanding of atrial fibrilla- 
tion and flutter in man Lewis (1925), employ- 
ing faradization as the method of inducing fi- 
brillation, studied the subject intensively and, 
applying the results of the fundamental work 
of Mayer (1908), of Mines (1913), and of Gar- 
rey (1924), conceived that the excitation wave 
followed a circular pathway through the atrial 
muscle — the so-called circus movement That 
is to say, the wave starting at one place took a 
devious course through the cardiac muscula- 
ture, returned to the point from which it 
started and re-entered the path which it had 
previously traversed Mayer induced a circus 
movement in the umbrella of the jellyfish 
(Medusa) by creating a local block and apply- 
mg a stimulus to one side of the blocked region 
(Fig 3 81 top) The contraction wave which 
resulted was forced as a result of the block to 
take a unidirectional course, and after com- 
pleting the circuit of the disk of tissue returned 
to the region of the block, which by this time 
had disappeared If the tissue from which the 
wave had been initiated was again excitable, 

1 e , had passed from the refractory state, the 
wave circled the ring a second time, then a third 
time, and so on repeatedly When, on the other 
hand, the disk was stimulated in the absence of 
a block, a contraction wave set out in both di- 
rections and the two waves meeting, after hav- 
ing completed half the circumference of the 
strip, were suppressed at B (Fig 3 81 bottom) 
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That IS, further progress of the waves was 
arrested, for each came to a region of tissue 
which, being occupied by the other wave, was 
refractory 

Mines and Garrey linked up Mayer’s obser- 
vations upon Medusa with the fibrillation of 
cardiac muscle Mines showed that a similar 
circular motion of the contraction wave could 
be mduced in the cold-blooded heart Muscu- 
lar rings cut from the atria of large rays were 
employed Garrey thought that he had refuted 
the prevailing belief at that time, namely, that 
fibrillation of the atrium was due to the initia- 
tion of impulses from multiple foci throughout 
the auricular muscle — as proposed originally 
by McWilliam (1887) Garrey (1924) found that 
if he cut a small piece from the fibrillatmg at- 
rium, the severed tissue at once ceased to 
fibrillate, an event which he contended could 
not occur if numerous points of excitation ex- 
isted, but such would naturally result if the 
impulses travelled over a circular pathway 
from which other parts of the auricle were ex- 
cited He induced a circulating contraction 
wave in large annular strips cut from turtles’ 
ventricles 

Evidence was obtained by Lewis (1925) 
which seemed to show that the impulses in the 
fibrillatmg atrium travelled in the natural rings 
of muscle encircling the openings of the venae 
cavae 

The theory of circus movement has been very 
widely though not universally accepted Brams 
and Katz (1931) contended that if a circus 
movement is responsible for flutter and fibrilla- 
tion more than one circulating wave must exist 
They base this conclusion upon the observa- 
tion that if after experimental flutter or fibrilla- 
tion has been established, the atria (or in the 
case of ventricular fibrillation, the ventricles) 
are separated from one another by crushing be- 
tween them the rapid heating persists with 
little change in each of the separated parts 
Scherf (1928), as a result of his failure to 
abolish atrial fibrillation by clamping or ligatur- 
ing the atrial muscle in the path of the sup- 



Fig 3 81 (Modified from Lewis 1925) Black = con- 
traction wave Description in text 


posedly circulating waves, was one of the first 
to throw doubt upon the existence of a circus 
movement A little later Andrus et al (1930) 
concluded, from their experimental results m 
which fibrillation was induced by a single in- 
duction shock applied to the auricular appen- 
dix, that the waves did not originate and travel 
in a ring of muscle 

Evidence against the circus movement 
theory has been secured by Prinzmetal and his 
associates (1952) They induced atrial fibrilla- 
tion by the application of aconitine to the auri- 
cles of dogs and observed the auricle by means 
of high speed cinematography They saw no 
indication of a circus movement Two types of 
activity were observed, a) contractions and re- 
laxations of microscopic or minute segments of 
muscle, which they term the “M” activity, and 
b) stronger contractions and relaxations of 
macroscopic or larger muscle segments which 
appear upon the background of the innumer- 
able “M” contractions This type of movement 
they have designated the “L” activity Both 
types of activity are heterorhythmic and utterly 
chaotic, and apparently arise from numerous 
discrete ectopic foci 

Moe has proposed a variant of the circus 
movement theory in which he suggests that 
fibrillation is maintained by the irregular wan- 
dering of numerous wavelets generated by the 
fractionation of a wave front passing through 
tissue m a state of inhomogeneity with respect 
to excitability and conduction velocity. He has 
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devised a most ingenious computer model of 

atrial fibrillation which supports his theory 

(Moe et ai , 1964) 

Direct Current Cardioconversion In the 
years between 1962 and 1964 the method of 
direct current cardioconversion devised by 
Lown (1964) came into wide clinical usage for 
the conversion of superventricular arrhythmias 
as well as ventricular tachycardia back to nor- 
mal rhythm as the apparatus for carrying out 
this procedure became commercially available 
The apparatus is designed to deliver a capaci- 
tor discharge shock of 100 to 400 watt sec 
through the chest wall via electrodes 4 m in 
diameter The shock is timed to fire at the peak 
of the R wave when conversion of atrial fibrilla- 
tion, flutter or tachycardia is being carried out, 
so that the ventricle will be completely refrac- 
tory when the current hits the heart The atria 
are depolarized completely, ectopic foci are 
extinguished, and the opportunity for the sinus 
node to resume pacemaker function is made 
available 

Lown (1964) has had approximately 95% suc- 
cess m converting superventricular arrhythmias 
to normal sinus rhythm Maintenance of the 
sinus rhythm often requires quinidine therapy 
and even with maximal tolerable doses of this 
drug, relapse into the arrhythmia may occur, 
particularly if serious heart disease is present 

The cardioconversion apparatus is also ef- 
fective in abolishing ventricular tachycardia 
and ventricular fibrillation by administering di- 
rect current shock to the heart through the in- 
tact chest wall 

Ventricular Fibrillation The ventricular 
muscle may pass into a state of rapid, tremu- 
lous and ineffectual contractions closely similar 
in nature to the condition just described as 
occurring in the auricle In animals, ventricular 
fibrillation may be initiated by direct electrical 
stimulation of the ventricular muscle Mechan- 
ical stimulation of the ventricle, especially by 
pricking the tissue in the AV groove, ligation of 
a coronary artery or certain chemicals and 
drugs in excess, e g , digitalis or calcium chlo- 
ride, may induce fibrillation Chloroform 
anesthesia renders the hearts of experimental 
animals (cats) highly susceptible to fibril- 
lation A mere touch of a finger or instru- 
ment, the stimulation of a sensory nerve, 
section of the vagi or their paralysis by atro- 
pine, may set the ventricle fibrillatmg The 
heart behaves as though sensitized by the anes- 
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thetic and ready at the least provocation to fi- 
bnllate Adrenaline was found to greatly en- 
hance the effect of chloroform — a fact which 
indicates the danger of adrenaline administra- 
tion while a subject is under the effect of this 
anesthetic Fibrillation may also ensue sponta- 
neously under chloroform, and the condi- 
tion IS more likely to supervene when the 
animal is passing from deep to light anes- 
thesia Cyclopropane, like chloroform, has the 
effect of sensitizing the heart to the action of 
adrenaline in inducing ventricular tachycardia 
and fibrillation, but these cardiac irregularities 
are rarely seen under ether anesthesia Qumi- 
dine reduces the susceptibility to fibrillation 
during cyclopropane anesthesia 

The effects of ventricular fibrillation upon 
the circulation are incomparably more serious 
than those of the corresponding atrial condi- 
tion This is evident when the importance of 
the two musculatures m the dynamics of the 
circulation are compared In fibrillation of the 
lower chamber the propulsive force of its con- 
traction is practically abolished and the circula- 
tion comes to an end, death follows within a 
few minutes 

The basic knowledge of countershock defi- 
bnllation acquired through animal experimen- 
tation has been applied countless times for 
the saving of human life The first reports 
originated from operating room incidents 
where the exposed heart could be defibnllated 
by application of the electrodes directly to the 
epicardium Direct hand pumping massage of 
the heart was used to sustain circulation until 
the defibnilatmg apparatus could be brought 
to bear Subsequently numerous reports of 
emergency thoracotomies with open chest 
massage and defibrillation both in and outside 
of hospitals appeared Some of these cases 
were saved, but a distressing number of unsuc- 
cessful terminal thoracotomies were carried 
out 

A great advance was made in 1960 when Kou- 
wenhoven, Jude, and Knickerbocker reported 
the method of closed-chest massage m which 
circulation is maintained by rhythmic compres- 
sion of the fibnllating heart through the intact 
chest wall by strong intermittent manual pres- 
sure over the sternum Life can be sustained 
for periods of time up to an hour or more until 
external defibrillation can be achieved either 
by AC or DC countershock through the intact 
chest 
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It has been well established that unless cir- 
culation can be restored m less than 4 mm , 
irreparable cerebral damage will have occurred, 
and even though heart action might be restored, 
a decerebrate patient will be the result 

ALTERNATION OF THE HEART 
PULSUS ALTERNANS 

This is a condition in which every second 
wave m a pulse tracing is of relatively small 
amplitude This peculiarity of the arterial pulse 
IS due to alternate variations in the strength of 
the ventricular systoles, and to a smaller quan- 
tity of blood being ejected into the aorta during 
the weaker beat Figure 3 82 shows a typical 
sphygmogram of this condition There is as a 
rule little or no difference in the lengths of the 
intervals between pulse beats When a slight 
difference does exist, the interval succeeding 
the strong beat is then longer than that fol- 
lowing the weak beat It will be remembered 
that in the bigeminal pulse, which might in 
some instances be confused with alternation, 
there is inequality in cycle lengths, but the 
longer interval follows the weak (premature) 
beat Furthermore, in alternation the ventric- 
ular rhythm does not share, or does so very 
rarely, in any irregularity of the pulse intervals 
which may occur in the arterial tracing The 
electrocardiogram, for instance, shows no dis- 
crepancies in the length of the intervals be- 
tween the R waves The slight variations in the 
pulse intervals are attributed by Lewis to a 
slower rate of transmission of the weaker pulses 
to the periphery The appearance of alternation 
m the electrocardiogram (eg, alternate varia- 
tions in the height of the R wave) is rare When 
this so-caUed electrical alternation does occur 
the larger deflections sometimes correspond to 
the weaker pulse beats But, it will be recalled 
in this connection that the deflections of the 
electrocardiogram are determined by the bal- 
ance of the electrical forces developed during 


Fig 3 82 Radial tracing showing pulsus alternans 
(After Mackenzie 1913) 


Fig 3 83 / sinus arrhythmia // sinus bradycardia 
/// sinoatrial block (Kindness of Dr John Hepburn ) 

the cardiac contraction rather than upon their 
total value Electrical alternation bears no rela- 
tion to the strength of the heart beat 

Sometimes it is not possible to detect pulsus 
alternans by palpation of the pulse, the varia- 
tions m strength of the pulse beat being too 
slight to be perceptible, but it is clearly re- 
vealed in the sphygmogram (Fig 3 82) It may 
also be detected by means of a blood pressure 
armlet The pressure in the armlet is raised 
gradually, when it is found that at a certain 
level the weaker beats are suppressed, but the 
stronger beats get through The pulse at the 
wrist IS then precisely half the ordinary rate 
The pressure during the weaker beats may be 
as much as 25 mm Hg below that during the 
stronger, but usually the pressure difference is 
not more than 5 or 10 mm Persistent alterna- 
tion of the heart when the pulse is slow or of 
normal frequency is usually indicative of grave 
disease of the myocardium Alternation some- 
times also occurs at rapid rates of beatmg, e g , 
auricular fibrillation, paroxysmal tachycardia 
etc , but it IS then of less serious significance 

IRREGULARITIES DUE TO 
VARIATIONS IN VAGAL TONE 

Sinus Arrhythmia (Fig. 3.831). This is a 
condition in which rhythmical variations in the 
rate of the whole heart occur synchronously 
with respiration It is due to alterations in the 
strength of the vagal influence upon the pace- 
maker (SA node) as a result of the respiratory 
excursions, the heart rate increasing toward 
the end of inspiration and slowing toward the 
end of expiration It is an irregularity very com- 
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mon m children, normal in resting dogs, and 
may be considered a physiological phenome- 
non That it IS entirely of vagal origin is shown 
by the fact that it is abolished by atropine It 
also disappears when the heart rate increases 
as a result of exercise, fever, etc , but is en- 
hanced by deep breathing 
Phasic Irregularity. In this disorder peri- 
odic slowing of the heart occurs for a few 
seconds quite independently of the respira- 
tions It also IS a vagal effect since it is 
abolished by atropine The manner of its pro- 
duction IS unknown It occurs in convalescence 
from acute fevers, and sometimes during the 
administration of digitalis 
Sinus Bradycardia (Fig 3.83II). This is a 
persistent slowing of the whole heart due to in- 
creased vagal tone influencing the smoauncular 
node The rate may be as slow as 40/mm 
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Bradycardia of this nature occurs in apparently 
healthy persons, many of whom are athletes 
Sinoatrial Block (Fig. 3.83III). The en- 
tire heart (atria and ventricles) misses a beat 
at regular or irregular intervals The condition 
thus differs from AV block in which only the 
ventricle misses A complete set of waves is 
therefore dropped from the venous or electro- 
cardiographic tracing, and the arterial pulse 
intermits Since the condition is temporarily 
abolished by atropine and may be induced by 
stimulation of the vagus, it is probable that the 
missed beats are due to the action of the nerve 
upon the SA node Sinoatrial block sometimes 
results from digitalis administration 

Atrioventricular Block. Defective conduc- 
tion between atria and ventricles due to height- 
ened vagal tone is occasionally seen, it is abol- 
ished by atropine 
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In recent years, the mechanics of cardiac 
contraction have been examined in accordance 
with the concepts and methodology developed 
by A V Hill (1939) and associates for skeletal 
muscle Isolated strips of myocardium are em- 
ployed Mechanical activity is analyzed through 
correlating the interrelations between fiber 
length, force of contraction, velocity of shorten- 
ing, tension developed, and load imposed 
Concepts derived from these in vitro studies 
are applicable to the analysis of the functional 
behavior of the intact heart 

Moscle Mechanics 

The heart is primarily a muscle, which func- 
tions in the intact animal as a hydraulic pump 
Thus, it IS appropriate to analyze first the me- 
chanics of cardiac muscle contraction and then 
apply these results to the functional characteris- 
tics of the heart as a hemodynamic pump 

THREE COMPONENT MODEL 
OF MUSCLE 

The three-component model of skeletal 
muscle proposed by Hill (1939) to explain the 
mechanical properties of skeletal muscle can 
serve to describe the physiology of contraction 
of isolated strips of cardiac muscle The three 
components are (Fig 3 84) 1) a contractile 
element (CE) which develops force and 
shortens when activated, but which is exten- 
sible at rest, 2) a series elastic (SE) element 
which IS m series with the CE and is passively 
stretched by shortening of CE or stretching of 
the muscle 3) A parallel elastic (PE) element 
which, in the version of the model m Figure 
3 84, IS depicted as being parallel to both CE 
and SE It maintains the resting length of the 
freely extensible CE and supports SE during 
restmg tension, but plays little role during con- 
traction. The anatomical sites of SE and PE 
are uncertain but may be in the contractile fila- 
ments, in the cell membranes, or m both. 


In Figure 3 85, the arrangement employed by 
Sonnenblick et al (1970), for studying muscle 
mechanics in the isolated papillary muscle from 
the right ventricle of the cat is diagrammed 
One end of the muscle is attached to a tension 
(force) transducer and the other end to an iso- 
tonic lever, so that shortening and tension may 
be recorded simultaneously 

Preload is the term applied to the amount of 
weight attached to the lever which establishes 
the resting length and tension in the inactive 
muscles before a contraction is induced Pre- 
load IS analogous to factors which determine 
muscle fiber length in the intact ventricle at the 
end of diastole, i e , end-diastohc pressure The 
lever system is then fixed by means of a stop so 
as to prevent any further stretching of the 
muscle Afterload is the term applied to any 
additional weight added after the stop has been 
fixed, preventing further stretching of the 
resting muscle This is the additional load 
which the muscle engages when it begins to 
contract Preload and afterload make up the 
total weight against which the muscle is con- 
tracting when stimulated The afterload com- 
ponent is approximated by aortic pressure in 
the intact heart 

The sequence of events during contraction 
IS diagrammed in Figure 3 86 In the schema 
the parallel element (PE) is omitted When the 
muscle IS stimulated and excitation-contraction 
coupling occurs, the contractile element (CE) 
shortens and develops force This is called the 
active state of the CE (see also p 3-39) The 
active state represents the time course of the 
onset and termination of the biochemical proc- 
esses occurring at active sites along the actin 
and myosin myofilaments which produce force 
and shortening Because of the spring-like 
properties of SE, the active state of CE is 
translated into mechanical force development 
or shortening only after some delay The course 
of mechanical contraction which can be re- 
corded is thus governed by the contractile prop- 
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Fig 3 84 Three-component model for muscle pro- 
posed by A V Hill (1939) (Redrawn from Sonnenblick 
1966) 
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Fig 3 85 Upper Arrangement for study of mech- 
anics in isolated papillary muscle Lower Records of 
shortening and tension of afterloaded isotonic contrac- 
tion P afterload dl/dt initial shortening velocity (Re- 
drawn from Sonnenblick et al 1970 ) 


erties of CE, the duration of CE active state 
and the elastic properties of SE As seen in 
Figure 3 86 (upper), during an isometric con- 
traction when the muscle cannot shorten, force 
develops along a delayed time course relative to 
CE contraction, owing to the time required for 
stretching SE In Figure 3 86 (lower), the 
model illustrates an afterloaded isotonic con- 



Fig 3 86 Sequence of events during contraction 
Upper isometric contraction showing events in the Hill 
model {left) and curves of force development (solid line) 
and active state (dashed line) A initial resting state B 
an instant during active contraction The difference 
between the active state curve and developed force 
curve is owing to the time needed for CE shortening to 
stretch SE Lower afterloaded isotonic contraction 
{left) and curves of force and shortening {right) as func- 
tions of time (Redrawn from Sonnenblick 1966) 

traction The load (P) rests on a surface and is 
not exerting tension (afterload) With stimula- 
tion, CE starts to contract and shortens, thus 
stretching SE When contractile force stretches 
SE so that its elastic tension equals load (P), 
the muscle begins to shorten and lifts the load 
(Fig 3 86, lower, B, C) 

FORCE-VELOCITY CURVE 

During contraction, the force stretching SE 
remains constant and the course of shortening 
now represents the shortening of CE In an iso- 
lated muscle allowed to contract isotonically 
against various total loads (preload and after- 
load), the relation between force and velocity 
may be determined (Fig 3 87) When preload, 
which determines initial muscle length, is kept 
constant, an inverse relation between force and 
velocity is found The beginning or initial ve- 
locity of shortening is plotted as a function of 
load (P) The symbol Po is used for the load 
which just prevents external muscle shortening 
and thus represents maximum isometric force 
By extrapolating the force -velocity (or load-ve- 
locity) curve to zero load, the theoretical max- 
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imum velocity of shortening (Vmax) is obtained 
The force -velocity relationship of cardiac 
muscle IS changed characteristically by altera- 
tions in initial muscle length (preload) and by 
changes in the fundamental activity level of the 
shortening processes (contractility, contractile 
state, inotropic state) When initial muscle 
length IS increased, there is a change in force 
developed (P, Po) without a change in extrap- 
olated maximal velocity of shortening ( V^ax) ^ 
(Fig 3 88) In the intact heart this has its coun- 
terpart in the Frank-Starlmg relationship in 
which the stroke volume and force of contrac- 
tion can be shown to increase with increasing 
ventricular volume 

Inotropic agents (e g , norepinephrine, cal- 
cium, digitalis, glycosides) and procedures in- 
creasing frequency of contraction (e g , postex- 
trasystolic potentiation by paired electric stim- 
ulation) produce an increase m the Vmax and 
Po Thus, the muscle shortening is faster for a 
given load and stronger at isometric loads (see 
Fig 3 89) Since V^ax is unchanged by altera- 
tions in initial muscle length, but is varied by 
changes in the contractile state, it can be used 
as an indicator of the fundamental condition of 
contractility 

The effect of initial muscle length on force of 
contraction is related to the length of the sar- 
comeres (Fig 3 90) Alterations of muscle 
length change the degree of overlapping of the 
contractile filaments This seems to alter the 
number of active contractile sites which gen- 
erate force but not the maximal rate of reaction 
at these sites This would account for the 
changes in Po with increased muscle length 
occurring without changes in the V^ax On the 
other hand, a change in contractile state ap- 
pears to result from an influence on the rate of 
reaction at contractile sites, but not necessarily 
an effect on the number of sites which are ac- 
tive 


^ There is not general agreement that this relation- 
ship holds Although it has been shown that whole 
cardiac muscle Vmax is independent of fiber length 
under specific experimental conditions (i e , after- 
loaded isotonic contraction at 23° C), there is evi- 
dence that this independence is absent under other 
experimental circumstances Thus, this may not be 
a general property of cardiac muscle If so, this would 
limit the value of Vmax as an index of contractility in 
cardiac muscle (Pollack, 1970, 1971) However, the 
concept as described here has been and is widely 
used as an index of the inotropic state of cardiac 
muscle and has been vigorously defended (Sonnen- 
bhck, 1970) although the controversy remains un- 
resolved 


/\ Initial length constantCll mm) 
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Fig 3 87 A curves of the time course of shortening 
arKi tension with increasing afterload The initial ve- 
locity of shortening (represented by the slope of the 
dashed lines in the top curves) decreases with increas- 
ing afterloads B force velocity curve (cat papillary mus- 
cle) showing this inverse relation between afterload and 
initial velocity of shortening C, the relation between 


power (load x velocity - p — %nd load (p) D the rela 

tion between work (load x distance ~ I p dl = p ^L) 

^to 


and load (Redrawn from Sonnenblick 1966) 


LENGTH-TENSION DIAGRAM 

As can be seen m Figure 3 91, the force of 
contraction depends on initial muscle length in 
both cardiac and skeletal muscle Since muscle 
length and sarcomere length are directly pro- 
portional, the changes in force of contraction 
with degree of stretch can be related to sar- 
comere dimensions The extent of thick and 
thin filament overlap m skeletal muscle deter- 
mines tension development (Fig 3 92) The 
evidence supporting these relationships is best 
for skeletal muscle 

The length-tension diagrams are similar in 
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Fig 3 88 Force-velocity curves of cat papillary 
muscle with increasing preload which increases initial 
fiber length (insert represents length-tension curve at 
these preloads) Increasing preload (fiber length) does 
not alter V^ax but increases actively developed force 
(Redrawn from Sonnenblick et al 1 970 ) 

form for both cardiac and skeletal muscle 
However, the maximum force of contraction 
per unit mass of heart muscle is less than that 
of skeletal muscle Also, the resting tension of 
cardiac muscle is considerably higher than that 
of skeletal muscle at lengths which produce 
maximum contraction The lesser contractile 
strength of heart muscle is explained in part 
because there is a relatively larger amount of 
noncontractile mass (mitochondria, etc ) per 
cross-sectional area in cardiac than in skeletal 
muscle When this factor is corrected for and 
heart muscle is induced to contract at a maxi- 
mum, the force generating capacity of the two 
types of striated muscle is similar 

The tension curves rise to a maximum and 
then decline as muscle length is increased (Fig 
3 91) The point at which maximum tension 
develops is termed Imax The ascending limb of 
the length-tension curve represents increasing 
tension response to increasing length up to 
Lmax The descending limb is the part of the 
curve showing decrease in tension as the initial 
muscle length is increased beyond Tinax 

There is considerable difference in the 
resting tension curves between the two muscles 



Fig 3 89 Strophanthidin effect on force-velocity re- 
lation Both Vmax and maximal force of contraction are 
increased (Redrawn from Sonnenblick et al 1970) 



Sarcomere length -microns 

Fig 3 90 Sarcomere length plotted against left 
ventricular filling pressure (data from dog heart) and 
sarcomere length-tension diagram from cat papillary 
muscle Curves are displayed on the same coordinates 
to indicate the probable relation between sarcomere 
length and actively developed tension (Redrawn from 
Spotnitz et al 1 966 ) 

In skeletal muscle, resting tension is very small 
at Lmax and only increases significantly during 
the descending limb of the tension curve In 
contrast, resting tension in heart muscle is high 
at Lmax The structures responsible for this dif- 
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Fig 3 91 Length-tension diagrams for heart {A) and 
skeletal (5) muscle compared RT resting tension AT 
actively developed tension TT total tension {AT -h 
RT) (Redrawn from Spiro and Sonnenblick 1964 ) 

ference in resting tension at are not 

known The connective tissue, sarcolemma, or 
some other structure may be responsible For 
cardiac muscle, however, this is a useful feature 
since the ventricle must function along the as- 
cending limb of the length-tension curve for 
mcreasmg strength of contraction to be directly 
related to increases in ventricular volume at the 
time systole is initiated The cause of this 
greater stiffness of cardiac muscle may be re- 
lated to the relatively greater amount of 
connective tissue present Since cardiac muscle 
cells are smaller in diameter (5 to 10 m) than 
skeletal muscle cells (50 to 100 ii), the relative 
amount of sarcolemma is greater in the former 
The sarcomere length-tension curve for papil- 


lary muscle is shown m Figure 3 93 The ten- 
sion curve reaches its apex at sarcomere length 
between 2 10 and 2 25 ju and tension is close to 
zero at 1 5 ju As muscle length increases be- 
yond Lmax , tension decreases but in the de- 
scending limb of the curve for cardiac muscle, 
the relationship between sarcomere length and 
length of muscle no longer holds strictly and 
the resting tension increases markedly Thus, 
sarcomeres longer than 2 60 ^ are seldom pro- 
duced Further, lengthening in response to 
stretch cannot be due to sarcomere lengthening 
and must be the result of fiber slippage as ex- 
plained in the foregoing (see Chap 2, “Dilata- 
tion”) The effect of sarcomere length on ten- 
sion development is explained by the “sliding 



Fig 3 92 Sarcomere length in relation to tension 
development for skeletal muscle (Redrawn from Han- 
son and Lowy 1965 ) 



Fig 3 93 Sarcomere length-tension diagram for 
cat papillary muscle (Redrawn from Sonnenblick. 1968) 
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filament” theory of muscle contraction (Fig 
3 92) Maximal tension depends on optimal 
overlap of actm and myosin filaments such that 
all reactive sites between the two contractile 
protein filaments may be engaged When the 
sarcomere is stretched, overlapping is decreased 
and reduction in force development follows If 
stretched sufficiently, so that no overlap occurs, 
the muscle becomes mcapable of contraction 
As muscle length is decreased below the apex of 
the length-tension curve, the actm filaments 
slide into the center of the sarcomere, this is 
accompanied by a reduction in force develop- 
ment The latter may be the result of disrup- 
tion of bond formation in the opposite half of 
the sarcomere by actm filaments or actual re- 
pelling forces developing between them 
In the intact ventricle, the volume of ventric- 
ular filling determines the initial length of the 
muscle fibers (preload) At the time of systole 
the fibers contract isometrically (do not shor- 
ten) until the pressure in the ventricle exceeds 
that in the arteries and ejection begins At this 
time, shortening of the fibers occurs as contrac- 
tion proceeds against the pressure in the aorta 
and pulmonary arteries (afterload) In Figures 
3 94 and 3 95, sarcomere lengths, as deter- 
mined from studies on isolated cat papillary 
muscles, are plotted to show the relationship 


AL OF SARCOMERE 



Fig 3 94 The relationship between sarcomere 
length and active tension during isometric contraction 
and contraction as the muscle shortens from studies on 
isolated cat papillary muscle A onset of contraction 
P afterload At change m sarcomere length (Redrawn 
from Sonnenblick, 1968) 



Fig 3 95 The effects of changing initial sarcomere 
length from 2 to 1 on force of isometric contraction 
(p 2 to Pi) and extent of shortening [AL 2 to AIi) 
There is little change in contractile force but a substan- 
tial change in extent of shortening from 13% to 20% 
(Redrawn from Sonnenblick 1968 ) 

between sarcomere length and the active ten- 
sion curve during isometric contraction and 
contraction as the muscle shortens The latter, 
auxotonic contraction, is not termed isotonic 
because the pressure against which the sarco- 
meres are shortening is changing during ejec- 
tion (see p 3-96) Force is developed without 
shortening (Fig 3 94, A to P) until tension 
equals blood pressure and the sarcomere 
shortens (AL) The sarcomere then shortens 
until it reaches the active tension curve (B) at 
which time it can shorten no further In iso- 
lated preparations sarcomere shortening of 
about 30% (from 2 20 to 1 60 ju) JTiay occur (see 
Fig 3 94). However, under the loading condi- 
tions of the intact heart, the sarcomere can 
only shorten about 12 to 18% In Figure 3 95, 
the effects of changing initial sarcomere length 
from 2 00 to 2 20 /i is depicted This is the sole 
change which would occur in the intact heart 
with mcreased filling pressure of the ventricle 
Because the ventricle operates normally, on 
the ascending limb of the length-tension curve 
near its apex (1 e , at optimal sarcomere length 
for developed tension) the resulting increase 
m force of contraction is only moderate (from 
P 2 to Pi). However, note that a substantial 
mcrease in shortening ( AL 2 to ALi, 13 to 20%) 
occurs These fundamental characteristics of 
cardiac muscle mechanics form the basis of 
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the Frank-Starlmg relation (Starling’s “law” of 
the heart), according to which, force of ven> 
tncular contraction and volume of ejected 
blood increase directly with an increase in 
initial volume of the ventricle at the time of 
systole (end diastolic volume) 

VENTRICULAR WALL TENSION AND THE 
LAPLACE RELATIONSHIP 

Ventricular myocardial tension is related to 
intraventricular pressure per square centimeter 
of surface upon which the pressure is exerted 
The larger the surface the greater will be the 
total pressure This relationship may be calcu- 
lated by employing the law of Laplace It ap- 
plies to distensible membranes with a spherical 
or cylindrical shape Assuming that the ven- 
tricle has a spherical cavity, three definitions of 
contractile tension have been employed for the 
ventricular myocardium (Fig 3 96) Badeer 
(1963) recommended expressing myocardial 
tension in terms of force per unit of cross-sec- 
tion area as follows 

f = (P r)/23 

T (stress = mean force per unit cross sectional 
area of wall during systole, P = mean trans- 
mural pressure during systole, f = mean ra- 
dius during systole, and 5 = thickness of wall 
during systole Accordingly, a greater pressure 
or radius (dilatation) increases the contractile 
tension m the wall of the ventricle (this, of 


course, applies to the atria as well) The La- 
place relationship results in a disadvantage 
when the ventricle is excessively dilated In the 
normal ventricle the radius of the chamber 
during systole decreases as the blood is ejected 
Thus, the wall tension begins to decrease after 
the beginning of ejection and at the time of 
peak systolic pressure may actually be less than 
at the onset of systole When the ventricle is 
markedly dilated, the wall tension is greater 
than normal and the magnitude of fiber short- 
ening may be so compromised that reduction m 
chamber radius is minimal In such instances, 
the tension on myocardial fibers may continue 
to increase from the beginning of ejection to 
the peak of systolic pressure A further disad- 
vantage of dilatation is that the sarcomeres 
may be stretched somewhat although there is 
little anatomical evidence for this Insofar as 
sarcomeres are stretched, however, the ventricle 
will be functioning on the descending limb of 
the length-tension curve Further, the Laplace 
relation means that, at the same pressure, a 
dilated heart must generate greater force than 
normal and, in accordance with the force-ve- 
locity relationship, the rate of myocardial fiber 
shortening will be decreased These factors 
dimmish the ability of the ventricles to eject 
blood The increased tension m dilated hearts 
is believed to be adequate stimulus for my 
ocardial hypertrophy This accounts for hyper 
trophy m those abnormal states m which the 
heart is subject to a volume overload at normal 



T = Force across the total cross- 
sectional area of muscle 




T = Force per unit cross-sec- 
tional area of muscle 


Fig 3 36 Three ways of representing the relations between ventricular wall tension, intraventricular pressure and 
ventricular dimenaons according to the law of Laplace The ventricle is assumed to be a sphere T, mean contractile 
tension (force) P, mean transrpural pressure during systole r mean ventricular radius during systole 6, ven- 
tricular wall thickness (Redrawn from Badeer 1963 ) 
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pressure (e g , right ventricular hypertrophy in 
atrial septal defects) 

THE ACTIVE STATE IN THE FORCE- 
VELOCITY RELATIONSHIP 

The concept of the active state has been de- 
fined previously (see pages 3-39 and 3-86) The 
term designates the degree of activity of the 
contractile element The time course of the ac- 
tive state has been determined on isolated pap- 
illary muscles of the rabbit, employing the 
“quick release” method of Jewell and Wilkie 
(1960, Edman, 1968) In this method, the 
muscle IS attached to an isotonic lever which, at 
first, IS fixed by a releasable catch so that the 
muscle begins to contract isometrically At 
varying intervals during an isometric contrac- 
tion, the lever is released abruptly and the 
muscle shortens against a small load The ini- 
tial rapid phase of shortening involves move- 
ments of both the series elastic element and the 
contractile element A second slower phase is 
caused by shortening of the contractile element 
alone The velocity of shortening during the 
second phase, at a given length change, is an 
index of the intensity of the active state at that 
instant of the isometric contraction By re- 
leasing the muscle at various times after the 
stimulus, the time course of the active state 
may be determined An active state curve of 
rabbit papillary muscle is shown m Figure 3 97 
and the relation of active state to isometric 
contraction on the right top in Figure 3 86 The 
active state attains a maximum slowly and 
starts to decay without reaching a plateau The 
latter suggests that the contractile element of 
the myocardium does not reach mechanical 
“saturation” during contraction It has been 
shown (Edman, 1968) that the course of the 
active state depends on how much the contrac- 
tile element is allowed to shorten during the 
contraction period As the contractile element 
is allowed to shorten, there is a progressive de- 
crease of the maximal intensity of the active 
state and a reduction in its duration Thus, 
shortening of the muscle during contraction 
reduces the duration of mechanical activity (see 
Figs 3 98 and 3 99) 

THREE DIMENSIONAL DIAGRAM OF 
VENTRICULAR CONTRACTION 

The force-velocity curve and length-tension 
curve for the papillary muscle can be arranged 



Fig 3 97 Active state curve of rabbit papillary mus- 
cle (Redrawn from Edman 1968) 

in a three dimensional diagram to illustrate 
their interrelations, in particular the effect of 
change m muscle length on the force -velocity 
curve Such a diagram is seen in Figure 3 100 
The vertical plane on the right represents the 
force-velocity relation, the vertical plane on the 
left the velocity-length relation, and the 
triangle at the base the length-tension relation 
A series of force-velocity curves with decreasing 
fiber length is displayed TJjje^ourse of the con- 
traction is depicted by the heavy dashed line 
The muscle is stimulated at point A and, after 
an appropriate interval for the development of 
the active state, the CE reaches point B on a 
given force-velocity curve Note that the force- 
velocity curve followed depends on the muscle 
length at which the CE begins to develop force 
As force (load) increases, the velocity of short- 
ening of the CE travels down the force-velocity 
curve to some point C At this point C, force of 
contraction equals load (afterload) and mechan- 
ical shortening starts at that load (isotonic con- 
traction) The velocity of shortening now de- 
creases as the length of CE decreases, traveling 
down the family of instantaneous force velocity 
curves The active state, and thus, the velocity 
of shortening of the CE at any instant, depends 
on the muscle length at that moment m time 
Thus, during contraction, as the muscle short- 
ens, it operates on a series of instantaneous 
force-velocity planes of decreasing magnitude 
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Fig 3 98 Changes in active state curves of papil 
lary muscle in relation to the degree of muscle shortening 
permitted Shortening of the contractile unit decreases 
the intensity and duration of the active state {Redrawn 
from Ed man 1968) 


Afterloaded Contractions 
Rabbit papillary muscle 



Fig 3 99 Relationship between papillary muscle 
shortening and duration of mechanical activity Isotonic 
contraction curves a b c [upper] superimposed on the 
same time base with isometric myogram c b a [lower) 
Curve d is the ordinary isometric contraction myogram 
The more the muscle is allowed to shorten during the 
isotonic phase the briefer is the isometric portion of 
the myogram (Redrawn from Edman 1968) 

PRESSURE-VELOCITY-VOLUME (PRESSURE- 
VELOCITY-LENGTH) DIAGRAM FOR THE 
INTACT VENTRICLE 

In the intact ventricle, pressure, velocity, and 
volume are analogous to force, velocity, and 
length of the isolated cardiac muscle (Fig 
3 101) Here, force is analogous to developed 
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Fig 3 100 Three-dimensional diagram representing 
the interrelations between force-velocity and length 
tension curves of papillary muscle Base length-tension 
curve Vertical plane on right force-velocity curve Verti 
cal plane on left velocity-length curve Dashed line 
(ABCDEFGH) the course of a single afterloaded con 
traction (Redrawn from Sonnenblick 1966) 

pressure, length analogous to volume, and 
muscle shortening analogous to the amount of 
blood elected (stroke volume) In Figure 3 101, 
work is illustrated on the horizontal plane as 
the product of force (or load, obtained from 
pressure) times distance (muscle shortening or 
stroke volume change) On the vertical plane, 
power IS represented as the product of force 
(load) times velocity As m Figure 3 100, the 
dark line represents the course of a single con 
traction At A, contraction is initiated and CE 
velocity rises toward V^ax CE begins to 
shorten It travels down the force velocity curve 
to point C This represents isometric or isovol 
umetric contraction of the ventricle At C, 
force equals load and mechanical shortening 
begins traveling from C to E (ventricular ejec 
tion, stroke volume) The area ADEF repre 
sents stroke work (pressure x volume) The 
area ABCD represents power (pressure x 
velocity) The effect on these relationships of 
increasing ventricular volume at the onset of 
contraction is shown on the curve HJICE The 
maximum isometric force is increased from 
to Little change in V^ax m seen but both 
stroke work and stroke power are increased 
This IS the change which occurs with increas- 
ing end diastolic volume of the ventricle 
There is little change m the contractile state 
of the myocardium since Vmax is not changed 
The insert m the lower right shows predicted 
relations of stroke volume, stroke work, and 
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Fig 3 101 The effects of increasing preload on 
the work and power in analogy to pressure volume re- 
lations in the intact ventricle Load is represented as 
pressure and volume as length on the three-dimensional 
force-velocity-length construct for papillary muscle 
When preload (analogous to left ventricular end diastolic 
pressure LVED) is increased and pressure remains the 
same work increases (ADEF to HGEF) and power in- 
creases (ABCD to HJIG) Vmax representing contractile 
state IS unchanged Insert Relations between stroke 
volume and stroke work or stroke power predicted from 
the changes in work and power areas of the three di- 
mensional diagram (Redrawn from Sonnenblick 1966) 

stroke power to left ventricular end diastolic 
pressure The effect of increasing contractile 
state (eg, as with increase of sympathetic 
tone, norepinephrine) is shown in Figure 3 102 
Note that an increase in both Vm&x and oc- 
curs and velocity of ejection of the ventricle is 
increased at any given intraventricular pres- 
sure and volume Work and power increase as 
shown Observe that the pressure (distance 
from A to D) has not been increased 
In Figure 3 103, the effects of mcreasmg 
heart rate are portrayed An increase in 
Without a change in Po occurs Power is aug- 
mented from ABCD to AFED, while work 
remains the same, ADGH Ventricular per- 
formance curves m Figure 3 103 relate left ven- 
tricular end-diastohc pressure to stroke volume, 



Fig 3 102 The effects of increasing contractile state 
with inotropic agents (sympathetic nerve stimulation 
norepinephrine) on force-velocity-volume (length) re- 
lations Umax and Po are increased Load (pressure) is 
kept constant Work and power are increased (Redrawn 
from Sonnenblick 1 966 ) 


work, and power These show that there is no 
increase in the first two but the stroke power 
curve is shifted to the left 

Figure 3 104 illustrates the effect of altera- 
tions in blood pressure (afterload) alone Both 
power and work may be increased with in- 
creasing aortic pressure from P to P' m the 
absence of a change in contractile strength The 
effects of afterload increases on ventricular per- 
formance are shown in the insert. With in- 
creased afterload the initial velocity of short- 
ening IS decreased ( V to V) and the extent of 
shortening is decreased Thus, the ventriculeir 
function curve relating stroke volume to left 
end diastolic pressure (Fig 3 104) is shifted to 
the right as stroke volume and peak ejection 
velocity decrease Both stroke work or stroke 
power may be increased at any given left ven- 
tricular end diastolic pressure, thus shifting this 
function curve to the left (bottom, Fig 3 104) 
Therefore, the effect of increasing afterload or 
blood pressure may be limited to mechanical 
changes alone with no influence on contractile 
state (however, see Anrep effect, p 3-110) 

The three dimensional diagram in Figure 
3 105 represents more realistically the relations 
in the intact ventricle, since part of ventricular 
systole is auxotonic, i e , contraction against an 
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Fig 3 103 The effects of increasing heart rate on 
force-velocity-length relations l/max 'S increased without 
a change m Pq Power is increased with no change in 
work /nsert Relations between stroke volume stroke 
work and left ventricular end diastolic pressure (LVEDP) 
show no change but the stroke power curve is shifted to 
the left (Redrawn from Sonnenblick 1966) 

increasing pressure 2 Velocity ot CE shorten- 
ing follows the usual course until the onset of 
ejection (point B) Fiber shortening is then 
determined by the varying afterload (blood 
pressure) and the instantaneous relation be- 
tween fiber length and velocity Point C marks 
the end of ejection, the question mark indi- 
cates that its exact location relative to the 
length-tension curve is not certain The length- 
tension curve depicted is determined from 
isovolumetric beats in which the ventricle is 
caused to contract with the aorta clamped or 

^Actually, these relations are more complex, since 
during ventricular ejection the pressure first increases 
and then begins to decline before contraction (sys- 
tole) IS complete and ventricular wall tension rela- 
tive to pressure (Laplace relation) decreases as 
ventnculm radii decrease during systole The term 
negative auxotonic contraction is sometimes used 
for contraction against a decreasing pressure Thus, 
the ejection phase of ventricular contraction can be 
described as “positive” auxotonic initially and “nega- 
tive” auxotonic terminally See also p 3-91 



+ afterload 




Fig 3 104 The effects of increasing afterload (analo 
gous to blood pressure) on power and work Work and 
power are both increased with no change in ^'6- 
contractile state remains constant) Insert In the 
intact ventricle with no increase in contractile state ele 
vation of blood pressure would tend to dimmish stroke 
volume relative to left ventricular end diastolic pressure 
(LVEDP) but stroke work and power would be aug 
mented However in the intact heart contractile state 
may be augmented with a pressure increase (See Anrep 
effect p 3-110) (Redrawn from Sonnenblick 1966) 


obstructed by a balloon so that ejection cannot 
occur Following isovolumetric relaxation (C 
to D), ventricular filling occurs and fiber length 
increases along the line D to A Point A is end 
diastole and beginning systole 

WORK, POWER, AND EFFICIENCY 

In simplest terms work ( W) equals force (P) 
times distance or displacement { AL) 

VF = P AL 

and power (BO, the rate of work or the work 
performed per unit time it) 

IF = W/t ^ P M/t 

or force times velocity {dl/dt or u) W = P 
dl/dt = P i; 
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Thus, work performed is the power inte- 
grated as a function of time 

W = j (P dlfdt) dt = f Pdl = P \L 
^0 

In Figure 3 87 C and D are depicted the rela- 



Fig 3 105 Three dimensional construct for the in- 
tact ventricle (Redrawn from Braunwald et al 1967) 


tions between load and power and work devel- 
opment by the contracting papillary muscle 
The kinetic component of work equals V2 
comprises less than 5% of work, and has been 
omitted 

From Figure 3 87 B, C, D, it can be seen that 
for an> given muscle length, work and power 
vary with load (P) reaching a maximum at 50% 
of the maximum force (Pq) the muscle can de- 
velop at that length When shortening does not 
occur (at Pq and at the end of contraction, 
V^max) the load is not moved through any dis- 
tance Distance becomes zero and both work 
and power reach zero Thus, when mechanical 
shortening of the muscle does not occur, no 
work, in a physical sense, is done In another 
sense, however, work is performed in isometric 
contraction as represented by shortening of the 
contractile elements (CE) in the total muscle 

In Figure 3 106, various expressions of car- 
diac work are represented Contractile element 
work (shortening of CE against SE) has been 
explained m the foregoing Total cardiac work 
includes that produced during the entire con- 
traction period (systole) This would also incor- 
porate work expended m propelling blood in 
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Fig 3 106 Various factors employed to calculate cardiac efficiency Chemical energy can be taken as total myo- 
cardial oxygen consumption (MVO 2 ) or by effective energy used in the contractile process (ATP utilization) Work 
can be considered as merely contractile element (CE) shortening against load or by the total cardiac work (which is a 
product of volume of blood ejected against pressure) The latter is affected by ventricular geometry dimensions and 
regurgitation of cardiac valves (pp 3-92 and 3-44) Effective cardiac work considers only that calculated from the stroke 
volume delivered forward into the great vessels (e g aorta) against a given pressure (Redrawn from Braunwald et al 
1967 ) 
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the wrong direction (regurgitation) should car- 
diac valves be insufficient Effective cardiac 
work IS that which produces forward movement 
of blood against arterial pressure This includes 
only that work accomplished during systolic 
ejection when a volume (stroke volume) of 
blood is delivered into the aorta (or pulmonary 
artery) against the existing arterial pressure 
Efficiency (Eff), most simply defined, is the 
ratio of useful energy output (work) to total 
energy expenditure (work + heat) 

Eff = work/(work + heat) = w/w -t- h) 

Work plus heat is the equivalent of total 
chemical energy expended (e) Thus, efficiency 
can be represented as 

Eff = W/e 

as in Figure 3 106 

Since practically all energy consumed in the 
myocardium is linked to oxidative metabolism, 
myocardial oxygen consumption (MVO 2 ) can 
be considered an equivalent of total chemical 
energy Then the efficiency ratio becomes 

W( pressure + kinetic) 

Total MVO 2 - resting MVO 2 
Values for cardiac efficiency calculated in 
this way have varied between 10 and 20% in 
experimental animals This expression of effi- 
ciency relates only oxygen consumption to 
effective cardiac work (Fig 3 106) and neglects 
a number of factors linking the chemical and 
mechanical processes Effective ventricular 
work excludes part of total cardiac work and 
part of oxygen consumption represents noncon- 
tractile processes 

A closer approximation to true cardiac effi- 
ciency IS the ratio of contractile element work 
(CEW) to chemical energy of activation (AE) 
and chemical energy of work (WE) less resting 
energy (RE) 

Eff = CEW/[(AE + WE) - RE] 

An efficiency of 33% was obtained for the 
anaerobic lodoacetate-treated papillary muscle 
using this approach (Pool and Sonnenblick, 
1967) When RE was not subtracted the effi- 
ciency obtained was 23% 

The Heart as a Pump 

ATRIAL AND VENTRICULAR 
BLOOD VOLUME 

In man, the atrial capacities are slightly 
greater than those of the corresponding ventri- 


cles, thus providing a reservoir of blood suffi 
cient to fill the ventricular cavities completely 
For example, in the dead human heart such 
values as the following have been found the 
right atrium 163 ml , the right ventricle 137 
ml , the left atrium 140 ml , the left ventricle 
120 ml 

It IS now well established that the heart is not 
completely emptied of blood during ventricular 
contraction, 1 e , a residual ventricular volume 
of blood remains at the end of ejection Obser 
vations in dogs indicate that the right ventricle 
and left ventricle both empty m a fractionate 
manner 

Under control conditions in anesthetized 
dogs, ejection fraction averaged 47% of left 
ventricular end diastolic volume With reduc 
tion of outflow resistance (afterload), ejection 
fraction increased to 73%), with little change in 
stroke volume (Tsakins et al , 1968) Caution is 
necessary, however, regarding the methodology 
of in vivo ventricular volume measurements 
Two such methods are currently available one 
IS based on the indicator dilution technique, 
measuring during successive heart beats the 
decline m concentration of the indicator intro 
duced into the ventricle, the other utilizes ci- 
neradiographic measurements following the 
injection of a radiopaque substance outlining 
the ventricular cavity Theoretical objections to 
the former method include the demonstrated 
incomplete mixing of the indicator within the 
ventricular chamber, while angiographic 
methods must necessarily involve certain geo- 
metric assumptions, m addition to the un- 
known effect on the heart of the rapid injection 
of a relatively large volume of contrast mate- 
rial 

In man, a roentgenographic method gave left 
ventricular diastolic volumes of 70 to 80 ml ± 
10 to 20 ml /sq meter of body surface, with 60 
to 75%) ejected during systole (Dodge et al , 
1966) With a thermodilution method diastolic 
volumes of about 100 ml /M^ and about 50% of 
the diastolic volumic ejected during systole 
were reported (Rapaport, 1966) Stroke volume 
(SV) is the difference between end -diastolic 
volume (EDV) and end-systohc volume (ESV) 
The ratio SV/EDV has been shown to be quite 
constant m mammals varying in size from rat 
to horse and to vary linearly with body weight 
(Holt et al , 1968) In man and dog it varies 
between about 50 and 65 %o. Sonnenblick (1968) 
explains this proportion constancy in hearts of 
vastly different size on the basis of sarcomere 
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Fig 3 107 The percentage change in midwall cir- 
cumference or sarcomere length to ventricular ejection 
fraction (SV/EDV stroke volume/end diastolic volume) 
{Redrawn from Sonnenblick 1968) 

characteristics, which, in all species, have sim- 
ilar dimensions In Figure 3 107, percentage 
change m ventricular midwall circumference 
and sarcomere length is plotted against ejection 
fraction (SV/EDV) The dashed lines represent 
ejection fractions within the reported range of 
50 to 65% This would require sarcomere short- 
ening of 12 to 17%, which corresponds well 
with that predicted from afterloaded sarcomere 
shortening Thus, the characteristics of sarco- 
meres, which are uniform in different-size 
hearts, would explain ventricular ejection and 
apply to hearts of any size 

PATTERNS OF VENTRICULAR EMPTYING 

Traditional concept has it that the ventricles 
eject blood primarily by shortening of the longi- 
tudinal axis accompanied by a rotational action 
comparable to a wringing out of a wet rag Di- 
rect measurements, however, of changing ven- 
tricle dimensions in unanesthetized dogs by 
cinefluorographic techniques with contrast 
media, by intraventricular gauges and by ex- 
ternal resistance gauges, indicate that the left 
ventricle resembles a cylinder with a conoid 
apical segment The cylindrical portion is made 
of a strong cuff of deep fibers between thin 
layers of spiral muscle The conoid section is 
made primarily of closely woven spiral muscle 
entering and leaving “the vortex.” Left ventric- 
ular contraction involves primarily a reduction 
in transverse diameter This action accounts for 
most of the power and volume of the ejection 
since the contained volume decreases with the 
square of the radius in a cylinder There is rela- 
tively little rotation or shortening of the longi- 
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tudinal axis All this would be expected since 
the bulk of the fibers is circularly arranged 
By contrast, right ventricular ejection of 
blood can be effected by three means 1 ) Longi- 
tudinal shortening of the chamber, i e , base 
moving toward apex is the most obvious move- 
ment This might be expected since the inner 
and outer lasers of spiral muscle making up 
most of the right ventricle are oriented at about 
90® from each other Hence, simultaneous con- 
traction of the two layers of spiral muscle pro- 
duces shortening along the longitudinal axis of 
the right ventricle chamber 2) The right ven- 
tricular chamber is roughly triangular m shape, 
being bounded by a convex septal well and a 
concave free or lateral wall which enclose a 
crescent shaped area between them The free 
wall of the right ventricle moves toward the 
convex surface of the septum This movement 
although slight could be extremely effective m 
moving blood, and it would operate like a bel- 
lows used to kindle a fire, i e , since the sides of 
the ventricle or bellows are large compared to 
their enclosed space, slight movement toward 
each other should cause displacement of a large 
volume of blood 3) Contraction of the left ven- 
tricle must produce a greater curvature of the 
septum, and thus, since this is attached to the 
right ventricular lateral wall, traction on it will 
add to the bellows action The action of this or 
the other factors has not been quantitated 
That it can be a potent mechanism, however, is 
borne out by the observation that right ventric- 
ular ejection can be maintained when the free 
wall of the right ventricle has been almost com- 
pletely destroyed by cautery in the dog or by 
coronary occlusion in man 
The reduction in diameter and circumference 
necessary to eject the stroke volume is different 
in the two ventricles because of their shape and 
manner of contraction but they are small in 
both cases Under normal circumstances the 
ventricles function at relatively large diastolic 
and systolic dimensions since possibly half their 
contained volume is not ejected with each con- 
traction If the left ventricle is regarded roughly 
as a cylinder which ejects approximately half its 
contained volume of 130 ml , then the diameter 
can decrease from 5 2 cm to 3 9 cm , and the 
circumference from 16 5 cm to 12 1 cm 
The right ventricle has some semblance to a 
segment of a sphere, and a small shortening of 
its fibers will eject a large blood volume If its 
volume IS also 130 ml , and half is ejected, the 
diameter will decrease from 6 3 cm to 5 1 cm , 
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and the circumference from 19 8 cm to 16 0 
cm The average shortening of the right and 
left ventricle walls might be estimated as 20% 
and 25% of the diastolic size The extent of 
myocardial shortening also varies greatly for 
the same volume of ejection depending on the 
size of the cavity or the fiber length before ejec- 
tion takes place It takes a much smaller reduc- 
tion in fiber length of a larger sphere or cyl- 
inder to eject the same volume For example, if 
in a heart enlarged by congestive failure of the 
circulation the right ventricle contains 500 ml 
blood, then ejection of 60 ml will decrease the 
diameter from 9 8 cm to 9 4 cm , or by 0 4 
cm , and the circumference from 30 8 cm to 
29 5 cm 

It would be expected that the shortening of 
muscle fibers of the lateral wall of the right 
ventricle at different depths would be similar 
since the wall is so thin In the left ventricle, 
however, the circumferentially arranged deep 
constrictor fibers form a cuff of muscle making 
up most of the muscle wall which is so thick 
that the inner layers near the endocardium 
have a much smaller radius and circumference 
than the outer layers near the epicardium 
With the onset of contraction, the inner layers 
must shorten more than the outer layers m 
ejecting a particular volume Thus, presumably, 
no two layers of the myocardial fibers shorten 
to the same extent during ejection 
The following ventricular volumes, somewhat 
analogous to lung ventilatory volumes, are 
identified (Fig 3 108) stroke volume, the 
quantity of blood ejected during systole, re~ 
sidual volume, the quantity of blood remaining 
in the heart after a maximal systolic ejection, 
systolic reserve volume, the quantity of blood 
remaining in the heart at the end of systole, 
minus the residual volume, diastolic reserve 
volume, is the maximal amount of blood which 
the heart can, under physiological conditions, 
receive and then eject, in addition to the 
normal diastolic inflow Thus, it is the potential 
volume increase which the heart can accommo- 
date under physiological conditions 
Rushmer et al , (1958, 1970) have shown m 
studies of ventricular dimensions (diameter) 
and stroke volume m dogs, that the left ven- 
tricle functions close to its maximal diameter 
while the animal is reclining at rest (Fig 3 109), 
i.e , little diastolic reserve volume is main- 
tained Upon standing, ventricular dimensions 
and stroke volume dimmish Now, with exer- 
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Fig 3 108 Ventricular volumes Resting cardiac 
output (about 5 liters/min ) equals stroke volume (about 
70 ml ) times heart rate (about 72/min ) Maximal cardiac 
output increase of about sixfold (total shaded area) can 
occur through elevation of heart rate and stroke volume 
Stroke volume increases by encroachment on systolic 
and diastolic reserve volumes (Redrawn from Rushmer 
1970) 


A Recumbent B Erect C Exercise 



Fig 3 109 Alterations in ventricular volume with 
postural changes and exertion A in supine recumbency 
diastolic volume is near maximal and stroke volume large 
B upon assuming erect posture diastolic and stroke vol- 
umes decrease and the heart has diastolic and systolic 
reserve volumes C with bodily exercise stroke volume 
increases at the expense of these reserve volumes 
(Redrawn from Rushmer 1970) 


cise. Stroke volume can be increased by in- 
creasing diastolic distention (decreasing dia- 
stolic reserve) or increasing systolic ejection 
(decreasing systolic reserve) or both (Fig 
3,109) See pages 3-44 and 3-91 for a discussion 
of the effects of dilatation (increasing diastolic 
distention) on ventricular contraction Large 
diasolic size favors ventricular contraction by 
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) the Frank-Starlmg mechanism (pp 3-44, 3- 
19, and 3-91, 2) the larger volume ejected for 
i given amount of fiber shortening (see p 3- 
LOO), and 3) reduction of internal friction within 
the myocardium Opposing these favorable 
factors IS the increase in wall tension required 
to eject blood at a given pressure (Laplace re- 
lation, see p 3-92) See page 3-129 lor a dis- 
cussion of cardiac reserve 

PRESSURE AND VOLUME EVENTS OF A 
CARDIAC CYCLE 

For describing the events of the cardiac cy- 
cle, terminology and symbols according to Wig- 
gers (see Table 3 12) and the schema and time 
intervals (Fig 3 110) by Selkurt and Bullard 
(1966) are used 

Sequence of Events The upper set of pres- 
sure pulse curves in Figure 3 110 are for the left 
heart and aorta and the lower set for the right 
heart and pulmonary artery These events are 
correlated with periods when semilunar and 
atrioventricular valves are opened and closed, 
with heart sounds, and with the electrocardio- 
gram {lower, Fig 3 110) The phases of the 
cardiac cycle according to Wiggers are identi- 
fied by Roman numerals 


I Isovolumetric Contraction At the time of 
the peak of the R wave m the electrocar- 
diogram, ventricular contraction begins The 
pressure curve starts to ascend and at the 
moment it exceeds the atrial pressure curve, 
the atrioventricular valves close The “C” wave 
in the atrial curves begins at this time, caused 
by bulging of the closed AV valves into the 
atria as ventricular pressure increases The “C” 
waves are variable and may be absent (dotted 
lines, Fig 3 110) Both atrioventricular and 
semilunar valves are now closed and the ventri- 
cles are contracting on the contained blood 
which IS incompressible Therefore, the volume 
of the ventricles does not change and pressure 
increases rapidly This period terminates and 
the next period begins at the moment ventric- 
ular pressures exceed aortic or pulmonic pres- 
sures The semilunar valves open and the blood 
IS accelerated into the great arteries 

II Maximum Ejection This period begins 
with the opening of the semilunar valves Most 
of the blood ejected during systole flows dur- 
ing this period, as can be seen by the rapid 
descent of the left ventricular volume curve 
It lasts until the peak of the arterial pressure 
curve For about one-third of the period of 


Table 3 12 

Events of the cardiac cycle (Wiggers) 


Phase 

Interval 

Events at Onset 
of Phase 

Mam Events 
during Phase 

Events at Close 
of Phase 

Isovolumetric con- 
traction 

I 

Onset of ventricular 
contraction 

Closure of atrioventri- 
cular valves, rapid 
rise of intraventric- 
ular pressure 

Opening of semilunar 
valves 

Maximum ejection 

II 

Opening of semilunar 
valves 

Rapid outflow of blood 
from ventricles 

Peak of intraventric- 
ular pressure 

Reduced ejection 

III 

Peak of intraventri- 
cular pressure 

Declining outflow of 
blood from ventricles 

Onset of ventricular 
relaxation 

Protodiastole 

IV 

Onset of ventricular 
relaxation 

Rapid drop in intra- 
ventricular pressure 

Closure of semilunar 
valves 

Isovolumetric relax- 
ation 

V 

Closure of semilunar 
valves 

Continued ventricular 
relaxation with no 
volume change 

Opening of atrioven- 
tricular valves 

Rapid inflow 

VI 

Opening of atrioven- 
tricular valves 

Rapid flow of blood 
from atria to ventri- 
cles 

Slowing of inflow rate 

Diastasis 

vn 

Slowing of inflow from 
atria to ventricles 

Continued slower flow 
from atria to ventri- 
cles 

Onset of atrial contrac- 
tion 

Atrial systole 

vni 

Onset of atrial con- 
traction 

Increased flow from 
atria to ventricles 

Termination of atrial, 
and onset of ventric- 
ular, contraction 


From Dittmer and Grebe, 1963 
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Fig 3 110 Events of the cardiac cycle Upper left heart lower right heart (Redrawn from Selkurt and Bullard 
1966) 


systole, aortic pressure is exceeded by left 
ventricular pressure at the time of greatest 
acceleration of aortic flow 
III Reduced Ejection During rapid ejection, 
blood flow into the aorta (and pulmonary ar- 
tery) has exceeded runoff into the peripheral 
arteries and pressure continues to rise As 
runoff reaches equilibrium with flow into the 
great arteries, the pressure curve reaches a 


maximum This is the beginning of the reduced 
ejection period Runoff now exceeds cardiac 
output and the pressures begin to fall The 
pressure in the left ventricle falls slightly below 
that in the root of the aorta, although forward 
flow continues as indicated by progressive de- 
crease in ventricular volume 
IV Protodiastole This marks the beginning 
of ventricular relaxation and is a point on the 
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ventricular pressure curves which is often diffi- 
cult to identify The pressures in the ventricles 
continue to fail below those in the aorta and 
pulmonary artery A brief retrograde flow oc- 
curs, closing the semilunar valves This marks 
the end of protodiastole and the beginning of 
the next phase 

V Isovolumetric Relaxation With closure of 
the semilunar valves, the mcisura m the arterial 
pressure curves is seen, marking the beginning 
of this phase Once again, the ventricles are 
closed chambers and myocardial relaxation 
continues, causing a steep fall in intraventric- 
ular pressures but little alteration m ventric- 
ular volume When the intraventricular pres- 
sures fall below those m the atria, the atrioven- 
tricular valves open, marking the end of this 
period During this phase, the ventricles have 
just completed ejection of perhaps 50 to 65% of 
their diastolic volumes, and thus remain par- 
tially filled with blood 

VI Rapid Filling Beginning with the 
opening of the atrioventricular valves, ventric- 
ular volumes increase rapidly as blood which 
has accumulated m the atria under increasing 
pressure flows quickly into the relaxed ventri- 
cles During this phase the ventricular volume 
curve ascends steeply at first and then begins to 
level off The end of this phase is not clearcut 
as it merges with the next phase At the transi- 
tion between this and the following phase the 
usually inaudible third heart sound may be 
recorded in the phonocardiogram 

VII Reduced Filling (Diastasis) This is a 
period of slower filling during which blood con- 
tinues to flow into both atria and ventricles as 
into a common chamber. It is terminated by 
onset of atrial systole 

VIII Atrial Systole This period is marked 
by the onset of the atrial contraction (“A”) 
wave which is reflected m the ventricle since 
the two chambers are now continuous This 
atrial systolic pressure wave peaks and begins 
to decline, finally being interrupted by the 
onset of ventricular isovolumetric contraction, 
completing the cardiac cycle 

During the preceding ventricular contraction, 
the atrial pressure undergoes a temporary ab- 
rupt decline as a result of an artefact imposed 
by cardiac movement However, as blood 
pours into the cavity of the left atrium from the 
veins, the atrial pressure rises continuously to 
the end of the isometric relaxation period 
forming the “V” wave This atrial blood which 


has accumulated during the previous ventric- 
ular contraction is now transferred to the ven- 
tricle Ventricular hllmg begins at the time the 
intraventricular pressure drops below the intra- 
atrial pressure and the AV valves reopen 

The period of rapid ventricular filling, i e , 
the early diastolic inflow period is marked by a 
continuous decline in ventricular pressure and 
in the “V” wave of the atrial pressure curve 
(the so-called ‘"Y” descent) Inflow into a ven- 
tricular cavity IS regulated by mechanisms op- 
erating in both its systole and diastole Since 
no blood enters the ventricles until it has 
passed through the atria, it is important to 
knov their means of filling It is not possible to 
measure flow into the atria, but since the right 
atrium is continuous with the venae cavae 
without intervening valves, vena caval flow 
should indicate right atrial flow Caval flow 
into the right atrium shows three phases It is 
reduced nearly to zero during atrial contrac- 
tion During ventricular diastole inflow is con- 
siderable, but the volume of atrial inflow is 
greater during ventricular systole when the AV 
valves are closed and no blood can enter the 
ventricle, than durmg ventricular diastole when 
AV valves are open and atria and ventricles 
form a common cavity Atrial inflow durmg 
ventricular contraction is particularly effective 
in the presence of tachycardia m which the 
time available for diastolic inflow is shortened 
The piston-like downward movement of the 
atrioventricular junction during ventricular sys- 
tole enlarges the atria and vena cava and at- 
tracts blood to them. The filling of the atria 
during ventricular systole depends on the quan- 
tity and pressure of blood available in the ve- 
nous reservoir and the vigor with which ven- 
tricular s 3 rstole moves the AV junction. Thus, 
ventricular myocardial contraction is a very 
important means of actively filling the atria 
during systole and, therefore, in determining 
the extent of ventricular filling during the rapid 
filling phase 

Finally, attention is directed to the dotted 
and abruptly dipping line which represents an 
alternate decline of ventricular pressure, and 
at times indicates a negative intraventricular 
pressure has developed (vis a fronte, p 3-200) 
Such a dip in the pressure curve of ventricular 
relaxation, although recorded for many years 
and considered an artifact, is now given more 
credence since 1) it can be recorded with a mi- 
cromanometer (which is supposedly immune to 
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artifacts), 2) recent experimental evidence indi- 
cates that the relaxing ventricle can develop 
suction under certain artificial experimental 
conditions For example, in the beating mam- 
malian heart, a moderate volume of fluid can 
be drawn into the ventricular cavity in the ab- 
sence of a positive ventricular filling pressure 
and in the presence of an empty ventricle or 
one with some systolic residual volume The 
time available during which suction could act is 
approximately 0 1 sec , i e , the earlier part of 
the rapid inflow period The quantitative con- 
tribution of the ventricle to ventricular filling 
under normal conditions is still unknown and, 
hence, the physiological significance of diastolic 
suction for the return of blood to the heart 
cannot be evaluated Wiggers, in summarizing 
the problem, states, “crucial evidence is still 
required that the small remnant of elastic recoil 
still operative at the end of relaxation can 
create sufficient suction to be of significance in 
filling the normally beating heart Dynamically 
it must be shown that the concordant declines 
of atrial and ventricular pressures are due to a 
more rapid rate of ventricular relaxation than 
of filling from the atrium ” However, there are 
significant restoring forces during the early part 
of diastole which probably aid diastolic filling 
(Tyberg et al , 1970) 

Atrial Contraction. The dynamic impor- 
tance of atrial contraction on ventricular filling 
has been much debated The older view that 
the chief function of the atria is filling the ven- 
tricles IS not now acceptable since it is known 
that such filling occurs chiefly during the ear- 
lier portion of diastole when the difference 
between atrial and ventricular pressure is max- 
imal However, in hearts slowed by vagal stim- 
ulation to separate atrial and ventricular con- 
traction and in hearts with 2 1 or more block, 
it can be demonstrated that atrial contraction 
has a small but significant effect on the ventric- 
ular volume curve obtained with a cardiometer 
In open-chest dogs with surgically induced 
complete atrio-ventricular block and a fixed, 
slow ventricular rate, there is an increase in left 
ventricular end-diastolic pressure, stroke vol- 
ume, stroke work and aortic systolic pressure 
when atrial systole precedes ventricular systole 
by an interval of 0 085 to 0 125 seconds, indi- 
cating enhanced ventricular filling through 
atrial contraction (see also p 3-25) Finally, 
atrial contraction and relaxation are instru- 
mental in bringing about closure of the atrio- 
ventricular valves (see below) 


Pressure Pulse Values. Aortic pressure 
throughout the cardiac cycle is uniformly higher 
than in the pulmonary artery The peak aortic 
pressure during systole of 120 mm Hg is ap 
proximately five times that of 25 mm Hg m 
the pulmonary artery, the relative end-diastolic 
pressures are 80 mm Hg versus 10 mm Hg, 
the relative pulse pressures are 40 mm Hg vs 
15 mm Hg The diastolic pressure m both cavi 
ties is quite low with a small pressure gradient 
from the left ventricle (0 to 5 mm Hg mean 
diastolic, 5 to 12 mm Hg end-diastolic) to the 
right ventricle (0 to 3 mm Hg mean diastolic, 0 
to 5 mm Hg end-diastolic) The atrial pressure 
values are only a few mm Hg and are uni 
formly somewhat higher in the left atrial (mean 
2 to 12 mm Hg) than m the right atrial (mean 
0 to 5 mm Hg) curve 

Asynchromsms of Pressure Pulses While 
dynamic events on the two sides of the heart 
are generally similar, there is considerable 
asynchronism and some difference in duration 
of parts of the cardiac cycle The onset of con- 
traction of the right atrium precedes that of the 
left atrium while the onset of contraction of the 
right ventricle follows that of the left ventricle 
Right ventricular ejection begins earlier and is 
completed later than left ventricular ejection 
(Fig 3 111) 

Electrocardiogram vs. Onset of Pressure 
Events In man the interval between the onset 
of electrical and mechanical activity in the left 
atrium (rise of P wave vs onset of rise of atrial 
A wave) is of the order of 0 08 sec , for the 
right atrium, the interval approximates 0 06 
sec For the left ventricle, the interval between 
the onset of ventricular depolarization (Q wave) 
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mechanical activity during the cardiac cycle Right heart 
events above the line left heart events below the line 
ATR atrium VENT , ventricle RT , right LT left MC 
mitral closure TC tricuspid closure PO pulmonic 
opening AO aortic opening AC , aortic closure PC 
pulmonic closure 4 1 2, fourth, first second heart sounds 
Duration of isometric contraction for each ventricle is 
indicated in each ventricular rectangle by a verticle line 
(Redrawn from Lewis, 1 962 ) 
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and onset of left ventricular contraction (onset 
of pressure rise) approximates 0 04 sec , for the 
right ventricle, the interval is about 0 05 sec 
The T wave has a variable relation to the end 
of systole but terminates usually before the in- 
cisura of the aortic pressure curve 

Aortic Flow, The relationship between left 
ventricular pressure pulse and aortic flow in a 
dog is seen in Figure 3 112 The flow rate at 
the root of the aorta increases rapidly during 
the phase of rapid ejection when most of the 
systolic output of the heart is expelled, then 
flow falls off during the phase of reduced ejec- 
tion and reverses at the time of protodiastole 
During diastole the aortic flow remains at 
about zero However, forward flow continues in 
the more peripheral arteries under the impetus 
of its initial momentum and the elastic recoil of 
the larger arteries 

The Ventricular Pressure-Volume Dia- 
gram (Work Diagram). For a complete repre- 
sentation of mechanical activity of the heart, 
the coordinates of pressure, volume, and the 
time must be employed In Figure 3 110, pres- 
sure and volume curves are plotted separately 
against time The relationships between ven- 
tricular pressure and volume changes during 
the cardiac cycle can be displayed as functions 



Fig 3 112 Aortic flow in relationship to ventricular 
pressure and volume changes during the cardiac cycle 
123-ka doq) (Redrawn from Jacob 1968 ) 



Fig 3 113 Ventricular pressure volume diagrams 
Data from a 20-kg dog The letters and numbers identify 
the following phases of the cardiac cycle A onset of 
ventricular contraction (beginning of isovolumetnc con- 
traction) level of end diastolic pressure and volume B 
onset of ventricular ejection (end of isovolumetnc con- 
traction) C end of ventricular ejection (onset of iso- 
volumetric relaxation) level of end-systolic pressure and 
volume D end of isovolumetnc relaxation (beginning of 
diastolic period) 1 isovolumetnc contraction period 
2 ventricular ejection (for purposes of simplification the 
pressure during ejection is depicted as continuously in- 
creasing) 3 isovolumetnc relaxation period 4 diastole 
The effect of increasing end-diastolic pressure and vol- 
ume (A) IS illustrated Note the increase in area of the 
work diagram as the levels of end-diastolic pressure and 
volume iA) increase (Redrawn from Bauereisen 1970) 

of one another In Figure 3 113, pressure and 
\olume values during the cardiac cycle are 
plotted at three different rates of cardiac 
filling The area bounded by the sides of each 
quadrangle represents work (pressure x vol- 
ume) The effect of increasing end-diastolic 
pressure and volume on stroke work is indi- 
cated (Frank-Starlmg mechanism) 

The Pressure- Volume-Tune Diagram. The 
relations between pressure and volume changes 
with time during a ventricular cycle are dia- 
grammed three-dimensionally in Figure 3 114 
The temporal changes m pressure and volume 
are diagrammed on the left and base planes, 
respectively, and the work diagram on the right 
plane The three dimensional curve in the 
center represents power (rate of work or work 
per unit tune), since the time course of the 
work diagram can be determined 

MOVEMENTS OF HEART VALVES 

Atrioventricular Valves (Tricuspid and 
Mitral). The valve leaflets or cusps, three m 
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number on the right and two on the left side, 
are attached by their bases to the fibrous rings 
surrounding the atrioventricular openings 
Their free margins are connected through deli- 
cate tendons (chordae tendmeae) to the papil- 
lary muscles which prevent inversion of the 
valves into the atrium during ventricular sys- 
tole The chordae tendmeae are tightened at 
the commencement of systole by the contrac- 
tion of the papillary muscles The leaflets are 
composed mainly of a double layer of the endo- 
thelial Iming of the heart, strengthened by 
fibers of connective tissue Their attached 
bases ar^ thicker and contain more connective 
tissue, small blood vessels and delicate strands 
of smooth muscle The latter, however, play no 
part in valve closure which is effected, as men- 
tioned above, in a passive mariner 

The Mechanism of Value Closure According 
to traditional concept, an advancing gush of 
blood thrusts the AV valves widely open during 
early ventricular diastole During atrial systole 
the leaflets do not he back against the ventric- 
ular wall but occupy a midposition as a result of 
two opposing currents. The inflowing blood 
pressing upon their atrial surfaces keeps them 
open, while eddies reflected in the reverse 
direction from the ventricular walls strike their 
ventricular surfaces and tend to close them 
Thus, they float m a position of delicate bal- 
ance When, as a result of the fall in intra-atrial 



Fig 3 114 Pressure-volume-time diagram of the left 
ventricle Base volume changes with time Left vertical 
plane pressure changes with time Posterior vertical 
plane pressure volume diagram (Redrawn from Jacob 
1968) 




Fig 3 115 Two diagrams showing mechanisms con 
cerned m valve closure A showing relations of papillary 
muscles and chordae tendmeae to valve flaps B partial 
closure due to eddy formation (After Wiggers 1 954 ) 

pressure at the end of atrial systole, the in 
coming jet is diminished in force and finally 
ceases, the back eddies persisting for a brief 
space and being unopposed, approximate the 
valves or bring them gently into apposition 
(Fig 3 1 15) The importance of atrial relaxation 
in closing the valves has been shown in open- 
chest dogs with surgically induced atno-ven 
tricular block, where a negative atrioventricular 
pressure difference was demonstrated during 
atrial diastole The fact that the first heart 
sound has been found to be significantly de 
layed in the absence of atrial systole supports 
this view that normally the atrioventricular 
valves are closed or nearly so, before ventricular 
systole They are not, however, firmly closed 
This is effected by the rise m pressure in the 
ventricle when it contracts Dean (1916) has 
shown by attaching a hair to the septal leaf of 
the valve and recording its movements, that if 
ventricular systole does not follow almost in- 
stantly upon the cessation of the flow of blood 
from the atrium, the valves start to reopen In 
instances, therefore, in which ventricular sys- 
tole is delayed, that is, when the A-V interval 
IS prolonged, the reopening of the valves pro- 
ceeds for an appreciable time Then, when 
ventricular contraction occurs, a small amount 
of blood regurgitates into the atrium before 
the valves are swung closed by the rising 
mtraventncular pressure The backward flow 
of blood through the orifice may then give rise 
to a murmur just preceding the first heart 
sound (presystolic murmur) 

These concepts have been derived mainly 
from observations and direct photography of 
valve action in isolated hearts and from correla- 
tion of heart sound with mechanical and elec- 
trical events of the cardiac cycle However, cin- 
efluorographic observations of the motions of 
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the mitral valve cusps by means of attached 
radiopaque markers in intact anesthetized 
dogs, showed the edges of the valve cusps to be 
only slightly separated during ventricular 
filling Since m both instances, it is not pos- 
sible to rule out certain experimental artifacts, 
no choice can be made at present between the 
concept of wide valve excursion in isolated 
hearts and restricted valve movements in intact 
animals 

The Semilunar Valves. The dynamics of 
aortic and pulmonary closure are essentially the 
same in principle as those described for the AV 
valves The valves and sinuses of Valsalva form 
three small pockets open toward the arterial 
lumen Back eddies which are set up during 
the ejection phase of systole prevent the con- 
tact of the valves with the arterial wall When 
ejection ceases, the centripetal currents carry 
the valves into apposition and firm closure is 
effected by the higher pressure at this time 
upon their arterial surfaces 

HEART SOUNDS 

The sounds produced by the heart during a 
cardiac cycle consist of waves of greatly varying 
frequency Because of the intervening tissue, 
the intensity of the sounds is generally de- 
creased and some components are accentuated 
and others depressed 

Graphic registration of the heart sounds has 
been used to give a permanent record for study 
and to permit precise relations to be estab- 
lished between them and the events of the car- 
diac cycle, as recorded by other graphic 
methods such as the electrocardiogram and in- 
tracardiac and intravascular pressure curves 

For obvious reasons, sounds picked up from 
the surface of the thorax are not a true repre- 
sentation of the actual vibrations of the cardiac 
valves and walls Thus, attempts have been 
made to move the pick-up device closer to the 
source of sound by placing microphones in the 
esophagus, by suturing microphones to the 
myocardium in experimental animals, by 
applying suction microphones directly to the 
surface of the human heart, and finally, by in- 
troducing the microphone into the cardiac 
chambers themselves The latter technique aids 
in locating the site of production of normal 
heart sounds and serves as a valuable diag- 
nostic tool in disease states in locating the or- 
igin of abnormal sounds and murmurs How- 
ever, use of data obtained thereby must be 


tempered by knowledge of the fact the catheter 
mounted device may itself, through the motion 
imparted to it in the cardiac cavities, produce 
sounds which are recorded as naturally occur- 
ring 

Characteristics of Heart Sounds. Two dis- 
tinct sounds are heard by direct auscultation 
and occasionally a third is also audible during a 
cardiac cycle A fourth sound is revealed by 
graphic methods The first two sounds occur 
mainly during ventricular systole, the other two 
sounds take place during ventricular diastole 
(Fig 3 110) 

Origin of Heart Sounds and Time Rela- 
tions These vibrations arising in the heart and 
great vessels are fundamentally the result of 
sudden displacement of blocd (acceleration) or 
abrupt stoppage of blood (deceleration), and 
turbulence 

The temporal relations of human heart 
sounds to central hemodynamic events are il- 
lustrated schematically m Figure 3 110 The 
large vibrations of the first sound begin with 
the rapid rise m intraventricular tension and by 
the beginning of ejection they have already 
reached a maximum The beginning of the 
second sound coincides with the trough of the 
mcisura of the aortic pressure The third sound 
occurs near the end of the rapid inflow phase of 
diastole of the ventricles The fourth sound be- 
gins near the middle of the atrial pressure wave 
and extends to the isometric phase of ventric- 
ular contraction 

First Heart Sound The first sound is of rela- 
tively long duration, soft in quality and low in 
pitch The second sound is shorter, sharper and 
of higher pitch These characteristics can be 
imitated vocally by the syllables 'Tub” and 
"dup” separated by a brief pause The two 
heart sounds mark the beginning and end of 
ventricular systole and the determination of the 
interval between their commencements (as de- 
termined by the pho nocar diogram) is a reliable 
method for arriving at the length of ventricular 
sj^tole in man although intracardiac phonocar- 
diographic techniques indicate a time lag of the 
order of 0 02 seconds between the closure of the 
atno-ventncular valves and the beginnmg of 
the first heart sound (see below) The pause 
between- the end of the second sound and the 
Beginning of the first coincides with ventricu- 
lar diastole 

The First Sound is heard most clearly and at 
maximum intensity over the fifth left inter- 
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costal space, i e , with an area centered over 
the “apex beat ” Here the mitral element of the 
sound predominates Any abnormal sound pro- 
duced at the tricuspid valve is detected by lis- 
tening over the lower end of the sternum 

Four components of the first heart sound 
have been identified The first component is 
associated with the earliest phase of ventricular 
contraction which shifts blood toward the 
atrioventricular valves, approximating them It 
precedes elevation of intraventricular pressure 
The second component begins with closure and 
tension of the atrioventricular valves as intra- 
ventricular pressure begins to rise The third 
component begins as intraventricular pressure 
starts to exceed arterial pressure with the onset 
of ejection It is associated with opening of the 
semilunar valves and abrupt distention of the 
arterial trunks The fourth component probably 
results from flow turbulence in the arterial 
trunks during early ejection 
The record of the first sound is composed 
chiefly of a series of from 9 to 13 vibrations, 
and has a duration of from 0 9 to 0 16 sec The 
vibrations are in general irregular, which places 
the sounds in the category of noises rather than 
of musical tones The frequency is low varying 
from 33 to 110/sec 

The Second Sound results from the vibra- 
tions set up in the blood column and arterial 
walls as the aortic and pulmonary valves are 
placed under tension following their closure 
The duration of the second sound is about 0 10 
sec It commences about 0 09 sec after the 
summit of the T wave of the electrocardiogram 
The average frequency is about 50 per sec In 
the pulmonary area (along the left upper border 
of the sternum) two components of the second 
sound can normally be heard (“split second 
sound”) Phonocardiographic records show that 
the first of the two components is synchronous 
with the dicrotic notch of the carotid arterial 
pressure pulse and therefore represents aortic 
valve closure, the second component is caused 
by closure of the pulmonary valve The relative 
delay of pulmonary vs aortic valve closure is 
enhanced during inspiration when the in- 
creased venous return to the right heart pro- 
longs right ventricular ejection time, the situa- 
tion IS reversed during subsequent expiration, 
when the blood ejected by the right ventricle 
reaches the left side of the heart and causes 
prolongation of left ventricular ejection, moving 
aortic valve closure closer to pulmonary valve 


closure Thus the splitting of the second heart 
sound widens during inspiration {average 0 05 
sec ) and narrows or even disappears during 
expiration (average 0 02 sec ) The relationships 
of valvular opening and closure, mechanical 
activity of the atria and ventricles and heart 
sounds are shown in Figure 3 111 

The Third Heart Sound Sometimes a faint 
third sound is heart in normal hearts which fol 
lows the second sound by about 0 08 sec and 
lasts for about 0 04 sec It is heard at the apex 
and IS commonly found in young adults It may 
be made to appear or is intensified by proce 
dures which increase the venous flow into the 
atria, e g , exercise, recumbent position, etc 
Several explanations have since been given to 
account for it By intracardiac phonocardi 
ography it was demonstrated that the sound 
coincides with rapid, early ventricular filling 
and is recordable from the ventricular cavity 
and the ventricular surface but not from the 
atrium It is suggested that the sound is pro 
duced by the vibrations of the ventricular wall 
as blood rushes into the ventricle 

The Fourth Heart Sound, as a rule, is inau 
dible in normal subjects Often, however, the 
phonocardiogram records a few small pre-sys 
tolic vibrations, usually consisting of two com 
ponents The first of these coincides with the 
atrial “a” wave and, by intracardiac phonocar 
diographic techniques, it can be recorded from 
within the atria, indicating that it is caused by 
atrial contraction The second component fol 
lows the peak of atrial contraction and can be 
recorded more often from the ventricles than 
from the atria, suggesting that it is due to the 
impact of blood, expelled from the atria, 
against the ventricular wall There is also evi- 
dence, however, from studies on horses (Pat- 
terson et al, 1965) that this late component 
results from transient reversal of the pressure 
gradient between atria and ventricles at the 
end of atrial systole, resulting in presystolic 
tensing and perhaps closure of the atrioven- 
tricular valves 

Variations in the Intensity of the Heart 
Sounds. It IS the general belief that the first 
sound varies in intensity with the force of ven- 
tricular systole and the loudness of the second 
sound with the height of the arterial blood pres- 
sure The intensity of the first sound is directly 
related to the rate of the pressure rise within 
the ventricle during the isometric period The 
mtensity of this sound is not dependent upon 
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the volume of the systolic discharge but rather 
upon the diastolic pressures in the pulmonary 
and systemic circuits. Wiggers found that when 
the heart was slowed and the systolic discharge 
consequently increased but the diastolic pres- 
sure lowered, the intensity of the first heart 
sound was reduced while acceleration of the 
heart (reduced systolic discharge with raised 
diastolic pressure) increased its intensity. These 
experiments together with the observations that 
the first heart sound is believed to be largely on 
a valvular basis and is greatly influenced by the 
length of the P-R interval, strongly suggest that 


the intensity of the sound is ultimately cond,^ 
tioned by the position of the AV valves at the 

onset of ventricular systole. *■ ._ 

The intensity of the second sound, ao^ic or 
pulmonary, is increased by an elevation m the 
systemic or pulmonary pressures, respectively^ 
Among the cardiovascular conditions associated 
with intensification of the second soun are, 
mitral stenosis and failure of the left ventricle 
which raise the pulmonary arterial pressure, 
, which raiscs trie 


aortic pressure . 
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Regulation of cardiac output is effected 
through mechanisms which operate within the 
myocardium itself {intrinsic or autoregulation) 
and factors outside the heart {extrinsic regula- 
tion) These mechanisms adjust cardiac fre- 
quency and stroke volume, thus altering car- 
diac output The functional properties of my- 
ocardial fibers affected include force, velocity, 
duration, and extent of contraction Conduc- 
tivity is adjusted to maintain proper timing of 
atrial and ventricular systole and the temporal 
sequence of ventricular activation Finally, the 
output of the left and right hearts is coordi- 
nated so that they remain equal 

Intrinsic Regulation of Ventricular 
Function 

Control mechanisms within the myocardium 
itself make it possible for isolated myocardial 
preparations to adapt to changes in work load 
In dogs with denervated hearts, cardiac output 
adjusts appropriately during exercise and rest 
The mechanisms responsible reside within the 
heart and thus are called intrinsic The best 
known such adaptive response is that to 
changes in resting myocardial fiber length, the 
Frank-Starlmg mechanism Since this involves 
a change in myocardial fiber length, it has been 
termed heterometric autoregulation The term 
homeometnc autoregulation is used to desig- 
nate other intrinsic adaptive mechanisms which 
do not involve myocardial fiber length 

HETEROMETRIC AUTOREGULATION 

As described for isolated papillary muscle (p 
3-110 et seq ) and the entire isolated heart (p 
3-119 et seq ), increasing fiber length or dia- 
stolic volume of the heart, within physiological 
limits, increases contractile force and ventric- 
ular stroke work Thus, the denervated heart 
can respond appropriately to alterations in 
filling pressure, duration of diastole (fiUmg 
time), and its own distensibility 
3-110 


HOMEOMETRIC AUTOREGULATION 

Myocardial tension, frequency of contraction, 
and temperature influence contractile strength 
for any given fiber length 

Myocardial Tension. The isolated heart 
may maintain its increase in stroke volume in 
response to an increase in venous return even 
after its diastolic volume has returned to the 
control level Similarly, if the ejection resist 
ance (afterload) is increased in such a prepara- 
tion, the stroke volume at first decreases, but 
can return to control values Then the same 
stroke volume is maintained against an in- 
creased aortic pressure This response, which is 
not dependent on changes in fiber length, is 
sometimes called the Anrep phenomenon 
Anrep (1912) first demonstrated that when 
aortic resistance was elevated in the heart-lung 
preparation (see p 3-121, Fig 3 120), ventric- 
ular volume first increased, then returned to its 
control value, presumably maintaining compa- 
rable stroke volume against elevated pressure 
Increased myocardial wall tension triggers some 
unknown mechanism which can elevate con- 
tractile strength Possibly, the initial stretch 
alters the viscous properties of the series and 
parallel elastic elements of the myocardium, 
allowing alterations in the degree of contractile 
filament overlap ( Braun wald et al , 1968) Local 
release of norepinephrine by the increased 
stretch has also been suggested as a possible 
factor, and in conscious dogs infusion of isopro- 
terenol (a id-adrenergic receptor stimulant) in- 
creases the positive inotropic response of the 
left ventricle (Bugge-Asperheim and Kill, 1969) 

Rate and Rhythm Effects. The strength of 
myocardial contraction is markedly influenced 
by the time interval between beats The earliest 
demonstration of this effect was that of Bow- 
ditch (1871), who described the staircase 
(Treppe) phenomenon in the frog ventricle, 
after a period of rest, subsequent contractions 
increase stepwise in strength until a plateau is 
reached 
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In mammalian ventricular muscle a prema- 
ture contraction is weaker than the preceding 
beats Then, for several regular beats following 
the premature beat, the contractions are in- 
creased in strength This potentiation cumu- 
lates if premature contractions are continually 
repeated This phenomenon has been called 
post ext rasystolic potentiation or premature ac~ 
twation potentiation {prematurity potentiation) 
The latter terms are preferable In ventricular 
muscle of most mammals, rate of tension de- 
velopment, peak tension developed, and 
maximum shortening increase with fre- 
quency over the physiological range This is 
termed frequency potentiation Frequency po- 
tentiation requires many beats to reach a 
steady state while prematurity potentiation is 
almost complete with the first potentiated con- 
traction 

Details on the influence of the time interval 
between beats on papillary muscle contraction 
are illustrated in Figure 3 116 According to the 
analysis of Blinks and Koch-Weser (1961), two 
interval-dependent processes influence my- 
ocardial contractility in opposite directions 

Negative inotropic effect of activation 
{NIEA) is a temporary effect tending to de- 
crease the strength of contraction m subse- 
quent beats Each beat has a relatively large 
NIEA which disappears rapidly within a few 
seconds after contraction ceases 

Positive inotropic effect of activation (PIEA) 
is a temporary effect tending to increase the 
strength of contraction in subsequent beats 
Each beat has a smaller PIEA than NIEA and 
the effect disappears slowly with a half time of 
decay to the order of 0 5 to 10 mm 

Both NIEA and PIEA are cumulative The 
strength of a given contraction is that of the 
rested-state contraction plus cumulated PIEA, 
minus cumulated NIEA Under steady-state 
conditions at regular frequency the PIEA and 
NIEA produced by each beat decay during 
each interval between beats Each beat pro- 
duces more NIEA than PIEA, but the NIEA 
decays much more rapidly Premature beats 
occur m the presence of more of both PIEA and 
NIEA than regular beats, but NIEA predomi- 
nates, causing premature beats to be weaker 
than regular beats The longer lasting PIEA is 
predominant at the end of the longer mterval 
between regular beats 

In Figure 3 116, various effects of interval 


changes on tension development of a mam- 
malian papillary muscle are shown In record 
A, the points are steady-state tensions devel- 
oped at various frequencies (mterval between 
contractions of 0 2 to 300 sec ) This illustrates 
frequency potentiation In B, prematurity po- 
tentiation IS illustrated The contractions fol- 
lowing the premature contractions are stronger 
for several beats owing to PIEA, which finally 
decays and the contraction returns to control 
levels In C, shortening of the interval from 20 
to 0 63 sec produces initially potentiation due 
to prematurity At first, this is followed by a 
progressive decline in contractile force for a few 
beats, caused by NIEA Then Treppe (staircase 
phenomenon) follows owing to accumulation of 
the longer lasting PIEA When the frequency of 
contraction is again slowed, the time course of 
PEE A decay can be determined (C) 

The effect of PIEA accumulation can be pro- 
duced by so-called paired pacing, in which the 
heart is driven by paired pulses (Kelly, 1969, 
Cranefield, 1965) The time interval between 
paired stimuli is short so that the second stim- 


A 



Fig 3116 Tension responses in an isolated papil- 
larly muscle as the interval between contractions is var- 
ied A graph of the steady-state tensions developed at 
the between contraction time intervals (seconds) in- 
dicated above each point B the influence of premature 
contractions in a preparation stimulated at 1 0-sec in- 
tervals C the effects of changing the interval between 
contractions from 20 sec to 0 63 sec (Redrawn from 
Koch-Weser and Blinks 1963 ) 
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uius of each pair occurs just after the absolute 
refractory period following the first induced 
contraction The second stimulus produces neg- 
ligible mechanical effect, but the following beat 
is potentiated (PIEA) When the premature 
activations are continually repeated, PIEA 
cumulates and cardiac action improves even in 
the presence of congestive heart failure The 
use of paired pacing m cardiac patients with 
failure, while effective, has not produced im- 
pressive clinical results 

The mechanisms accounting for these ino- 
tropic effects are not known There is in- 
creasing evidence that PIEA of frequency po- 
tentiation is caused by increasing Ca'^'^ influx 
and greater availability of Ca+'^ at contractile 
sites The NIEA seen in the premature beat 
may be caused by changes associated with the 
relaxation process and membrane repolariza- 
tion 

The inotropic effects of activation described 
m the foregoing are characteristic of the ven- 
tricle of most mammalian species The interval- 
strength relations are very different in most 
types of atrial muscle and in ventricular muscle 
of various species 

Temperature. In isolated preparations of 
mammalian heart, hypothermia augments con- 
tractile strength In contrast, moderate hypo- 
thermia (body temperature 25° to 30° C) and 
pyrexia (body temperature 41° to 43° C) de- 
creased ventricular contractile capacity in in- 
tact dogs (Goodyer, 1965) The direct stimulant 
effect of hypothermia observed in isolated prep- 
arations is replaced by a depressant effect m 
intact hearts A possible explanation for this is 
that cooling depresses cardiac sympathetic tone 
m the intact heart, since adrenergic blocking 
agents largely prevent this effect Pyrexia, on 
the other hand, enhances ventricular contractile 
capacity even after autonomic blockade The 
thermal limits of the human and dog heart are 
between 26 ° and 44° C, near these limits my- 
ocardial contractility and conduction are de- 
pressed 

Extrinsic Regulation 

NERVOUS CONTROL OF THE HEART 

The Heart Rate. The average rate in adult 
man is around 70/mm , but there is a rather 
wide variation between individuals, a rate con- 
siderably below or above this average being not 
uncommon Muscular training tends to reduce 


the cardiac rate, athletes not infrequently 
having a pulse rate between 50 and 60 On the 
other hand, a rate between 80 and 90 is some- 
times seen in other healthy persons The rate 
diminishes progressively from birth, when it is 
around 130/m in , to adolescence, but increases 
slightly again in old age Among physiological 
conditions which temporarily increase the heart 
rate are muscular exercise, emotional excite- 
merit, and high environmental temperature It 
also increases somewhat during digestion The 
rate is lowered during sleep (55 to 60) Among 
pathological conditions which cause an increase 
in cardiac rate are hemorrhage, surgical shock, 
hyperthyroidism, fever (an increase of 10 
beats/1 ° F rise in temperature), and certain 
cardiac arrhythmias, e g , paroxysmal tachycar- 
dia, atrial fibrillation, etc 

Tachycardia and bradycardia are general 
terms used to denote, respectively, any consid- 
erable increase m heart rate above, or reduc- 
tion below the normal average 

The heart, as we know, beats rhythmically 
after its complete separation from the central 
nervous system, but in the intact animal this 
automatic action is under the continuous influ- 
ence of nervous impulses Where these were 
blocked experimentally with appropriate drugs 
in man, the heart beat intrinsically at a mean 
rate of 107 5/mm (standard deviation 9 3) at 
rest (Jose and Taylor, 1969) The nervous 
mechanism comprises groups of nerve cells m 
the medulla — the cardiac centers, various af- 
ferent pathways along which impulses are con- 
veyed to these centers from numerous regions 
of the body, and the vagus and accelerator or 
augmentor nerves which transmit impulses 
from the centers to the heart 

Innervation of the Heart. The vagus nerves 
are card lo- inhibitory This action was discov- 
ered by the Weber brothers in 1845 They 
convey fibers, belonging to the parasympathetic 
division of the involuntary nervous system, 
from a center m the medulla {cardio-inhibitor 
center) to the special tissues of the heart The 
medullary center was located by Miller and 
Bowman (1915) in the dorsal nucleus of the 
vagus situated in the floor of the fourth ven- 
tricle. Weak electrical stimulation of this area 
produced slowing of the beat, and stronger cur- 
rents, complete arrest of the heart The cardiac 
fibers of the vagus separate from the trunk of 
the nerve in the neck between the origins of its 
superior and inferior laryngeal branches Inter- 



Chapter 5 

mingling with fibers of the accelerator nerves, 
they enter into the formation of the deep and 
superficial cardiac plexuses, whence thev are 
continued to the atrial muscle Here they make 
connection with ganglion cells Postganglionic 
fibers pass to the specialized tissue of the si- 
noatrial and atrioventricular (AV) nodes where 
they are prolonged between the muscle fibers 
They form a rich plexus and are seen to end as 
ring-shaped or club-shaped structures ( bou- 
tons”) upon the fibers of the specialized tissue 
Many postganglionic fibers do not enter the 
nodal tissues but terminate in the atrial my- 
ocardium proper Some vagal fibers are distrib- 
uted to the ventricular myocardium as well as 
to coronary arteries With vagal stimulation, 
negative inotropic effects on both atria and 
ventricles can be demonstrated In dogs, 
greater cardiac acceleration follows section of 
the right vagus than of the left, and stimulation 
of the right vagus has a greater tendency to 
cause sinus arrest than does left vagal stimula- 
tion Left vagal stimulation causes atrioventric- 
ular conduction block preferentially, however, 
with stimulation, left and right vagal effects on 
AV conduction time were about equal (Hamlin 
and Smith, 1968) 

Accelerator or Augmentor Nerves The accel- 
erator fibers were described by von Bezold m 
1863 They belong to the thoracolumbar divi- 
sion of the involuntary nervous system and 
arise from cells situated in the lateral horns of 
the upper thoracic segments of the spinal cord 
These cells constitute a spinal cardio-acceler- 
ator center The preganglionic fibers enter the 
gangliated cord of the sympathetic to connect 
with cells in the inferior, middle, and superior 
cervical ganglia In many animals and also 
often in the human subject the inferior cervical 
and the first thoracic ganglia are fused into an 
irregularly shaped structure called the stellate 
ganglion from which accelerator fibers pass di- 
rectly to the heart The heart also receives ac- 
celerator fibers directly from the sympathetic 
chain as far down as the fourth or fifth thoracic 
ganglion In order, therefore, to remove all ac- 
celerator influence from the heart it is neces- 
sary to interrupt these connections as well as to 
remove the stellate ganglia The axons of the 
cells of the cervical ganglia (postganglionic fi- 
bers) form the inferior, middle, and superior 
cardiac nerves (Fig 3 117) These fibers, espe- 
cially those forming the nerves of the right side, 
terminate in the sinoatrial node Those of the 
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Fig 3 117 Diagram of the cardiac nerves Broken 
lines = preganglionic sympathetic fibers 

left side are distributed mainly to AN node 
and bundle According to Nonidez (1943), 
sympathetic efferent fibers which reach the 
heart are contained mainl> in the middle 
cardiac nerve The superior cardiac nerve is 
distributed to the large arteries at the base of 
the heart while the inferior cardiac nerve is 
mainly afferent The spinal accelerator center 
IS subordinate to higher centers 

In dogs, stimulation of the left stellate gan- 
glion produces a greater effect on ventricular 
contractility (augmentor fibers) than on heart 
rate (accelerator fibers) while with stimulation 
of the right stellate ganglion these relative ef- 
fects are reversed (Levy et ai , 1966) Selective 
right and left sympathetic denervation studies 
also indicate that the SA node and atria are 
innervated primarily from right, and the ven- 
tricles from left sympathetic fibers (Priola, 
1969) 

Tonic Action of Nerves The functional 
properties of the heart affected by extrinsic 
nerve impulses, chemical mediators, hormones, 
drugs, etc , are contractile strength, rate, con- 
ductivity, and excitability Classically, the fol- 
lowing qualitative terms have been applied to 
these effects chronotropic action (chronotropy), 
influence on heart rate, inotropic action {ino- 
tropy), influence on contractile strength, rate of 
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pressure development (dP/dt), ejection veloc- 
ity, dromotropic action (dromotropy) , influ- 
ence on conduction velocity, and bathmotropic 
action (bathmotropy), influence on excitability 
or irritability (stimulation threshold) 

An increase in action is termed positive and 
a decrease negative Thus, a positive inotropic 
effect IS one which increases strength of con- 
traction, a negative chronotropic effect is one 
which slows heart rate 

The sympathetic fibers stimulate the heart 
and thus affect the aforementioned properties 
in a positive sense, the parasympathetic fibers 
inhibit the heart and affect these properties in 
a negative sense The chemical mediators of 
these autonomic effects, norepinephrine (sym- 
pathetic) and acetylcholine (parasympathetic), 
act on the specific adrenergic (sympathetic) and 
cholinergic (parasympathetic) receptor sites in 
effector cells Of the two types of adrenergic 
receptor sites recognized, a and /S, the heart 
contains chiefly ^S-receptors Activation of the 
a-receptors causes vasoconstriction but few 
primary cardiac effects There is evidence for 
the presence of vasoconstrictor a-receptors in 
the coronary arteries (Feigl, 1968) and negative 
chronotropic a-receptors m the SA node 
(Priola, 1969, James et al , 1968) Activation 
of the /S-receptors causes vasodilatation and 
positive chronotropic and inotropic cardiac 
effects (see also p 3-115) 

The Tone of the Vagus At rest, the vagus 
nerves exert a continuous restraint upon the 
action of the heart Thus, the vagus, or rather 
the cardiomhibitory center, possesses tone, 
impulses passing from it in a continuous stream 
to the heart This effect can be readily demon- 
strated m animals by cutting or freezing the 
nerves The heart’s action then immediately 
becomes greatly accelerated The increase in 
rate following the removal of the vagal influ- 
ence also occurs though the stellate ganglia 
have been previously excised, the result there- 
fore cannot be due to an increased action of the 
accelerator nerves The tonic action of the 
vagus nerves may be annulled by atropine, the 
heart rate then increasing to 150 or 180/min 
The difference between this rate and the 
normal resting rate of 70/min , therefore, repre- 
sents the vagal effect which is being constantly 
exerted under ordinary circumstances Various 
conditions, physiological and pathological, alter 
the tone of the vagus center The tone is natu- 
rally higher in some species, e g , the horse. 


which is capable of teats ot endurance, than m 
others, e g , the domestic rabbit It also shows 
individual variations in man, athletes usually 
showing a higher tone than those who lead sed 
entary lives 

Vagal tone is apparently reflex in nature and 
dependent upon afferent impulses flowing to 
the vagus center especially along the sinus and 
aortic nerves Section of these nerves causes an 
increase in heart rate and little further acceler 
ation occurs, as a rule when the vagi themselves 
are subsequently severed 

Sympathetic Tone The existence of a tonic 
action of the sympathetic nerves has been pos 
tulated on tne basis of experiments showing 
that excision of the stellate ganglia was fol 
lowed by a slowing of the heart rate A cnti 
cism of these experiments is that they were not 
performed under truly basal conditions— i e , in 
conscious, fasting animals resting comfortably, 
with external visual and audit orv stimuli re 
duced to a minimum and, in addition, appre 
hension of the animal eliminated through pre 
vious training to he quietly during observation 
of the heart rate Yet only under these circum 
stances can the presence or absence of true ac- 
celerator tone (as opposed to accelerator nerve 
activity under various experimental conditions) 
be ascertained Murphv (1942) studied dogs 
in this manner The average "Testing” heart 
rate before training was 90 to 112/min After 
several weeks of training, the resting rate 
slowed and stabilized at 47 to 57/min Cardiac 
sympathectomy was then performed Following 
recovery of the animals from this procedure the 
basal rate was 50 to 58— i e , not different from 
that observed prior to interruption of the accel 
erator fibers It was concluded that in the truly 
resting state the accelerator nerves are not in 
tome activity, but that the accelerator mecha- 
nism IS more or less constantly involved in 
adapting the heart rate to the changing bodily 
conditions 

Cardiac Reflexes. A variety of reflexes af- 
fect both cardiac activity and vascular tone 
simultaneously They are therefore discussed 
together (see chap 8) 

Under ordinary conditions, the activities of 
the cardio-mhibitory and cardio-accelerator 
centers which result in the continuous dis- 
charge of impulses along the corresponding 
cardiac nerves are m turn dependent to a very 
large extent, if not entirely, upon the reception 
of impulses by afferent paths In other words, 
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the maintenance of the tone of the centers, and 
so of the normal resting rate of the heart, and 
the alterations in rate which occur under var- 
ious physiological conditions are in large 
measure either reflex m nature or due to im- 
pulses received from cerebral centers The im- 
pulses which stream into the nervous centers 
arise m all parts of the body, the heart itself 
included By these influences the tone of either 
center may be exalted or depressed, and corre- 
sponding changes produced in the cardiac rate 
If the cardiac vagus on one side be cut and its 
central portion (i e , the end leading to the 
brain) stimulated, a reflex through the cardio- 
mhibitory center and the opposite vagus occurs 
which alters the cardiac rate The nature of the 
change in rate— whether acceleration or 
inhibition— which will result from stimulation 
of the central end of the vagus or of most other 
afferent nerves cannot always be foretold Re- 
flex slowing of the pulse can usually be demon- 
strated in the human subject by pressure upon 
the eyeball at the outer canthus (oculo-cardiac 
reflex), carotid sinus, or by the stimulation of 
nasal branches of the fifth nerve Stimulation 
of afferent fibers in the respiratory passages as 
by the inhalation of irritating vapors, e g , an- 
esthetics, is particularly likely to cause reflex 
inhibition of the heart Extrasystoles and brady- 
cardia have been demonstrated electrocar- 
diograph ically m man during abdominal opera- 
tions, the irregularities being the consequence, 
apparently, of visceral stimulation Excitation 
of the central end of various peripheral nerves, 
eg, the sciatic, causes reflex changes m the 
pulse rate In these last instances acceleration is 
more readily obtained than inhibition The ir- 
radiation of impulses on to the cardiac centers 
from the cerebral centers, e g , from the motor 
area at the commencement of muscular exercise 
or from regions concerned with emotional man- 
ifestations, are held responsible for the changes 
in pulse rate which occurs under these condi- 
tions 

The pulse rate is generally inversely related 
to the arterial blood pressure, a rise or fall in 
pressure causing, respectively, a decrease or 
increase in heart rate These adjustments are 
believed to be subserved by 1) a reflex whose 
afferent limb is constituted of afferent vagal 
fibers (aortic nerve) ending in the aortic arch 
and heart, 2) a reflex in which the sinus nerve 
forms the afferent limb These mechanisms 
have been consideied in chapter 8 Presum- 
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ably such changes in heart rate are brought 
about not simply by an increase or a decrease 
in tone of one or the other cardiac centers, but 
by reciprocal variations m the tone of both For 
example, the slowing of the heart which results 
from a rise in arterial pressure is much less 
pronounced if impulses from the cardio-mhibi- 
tory center have been prevented from reaching 
the heart by section of the vagi After removal 
of the stellate ganglia on the other hand, the 
cardiac response to a rise m blood pressure is 
reduced to a lesser extent Other mechanisms 
are concerned, since a fall m blood pressure 
causes an increase in the rate of the heart even 
after it has been completely denervated 

CHEMICAL CONTROL OF THE HEART 

The adrenal medullary catecholamines exert 
positive inotropic chronotropic, dromotropic, 
and bathmotropic actions on the myocardium 
and induce glycogenolysis These are /d-adren- 
ergic receptor effects, it has been suggested 
that the ^d-receptor may be adenyl cyclase 
(p 3-114), since a close correlation has been 
found between the positive inotropic and 
chronotropic effects of catecholamines and 
their adenyl cyclase activating potency 
Adenyl cyclase catalyzes the conversion of 
adenosine triphosphate (ATP) to 3', 5' cyclic 
adenosine monophosphate (3', 5' AMP), this 3', 
5' cyclic AMP then promotes the conversion 
of mactive phosphorylase b to active phos- 
phorylase a Enhanced glycogenolysis and 
increased energy supply in cardiac muscle is 
the result Epinephrine stimulates 3', 5' cyclic 
AMP production and Ca'*'^ mobilization m the 
heart Both are necessary for the increase 
in phosphorylase a activity and the resultant 
enhancement of glycogen breakdown it cata- 
lyzes Increased Ca^^ permeability at the 
cell surface occurs and 3', 5' cyclic AMP in- 
creases efficiency of Ca+'^ mobilization from 
stores m the sarcoplasmic reticulum Thus, the 
positive inotropic effect of catecholamines 
can be attributed to an increase in Ca^"^ 
availability Such a mechanism of activation 
may operate in other cells and it has been pro- 
posed that 3', 5' cyclic AMP and Ca'^^ are two 
mterrelated intracellular messengers which 
function in both muscle and secretory cells 
(Rasmussen, 1970) (see also p 3-34) The way 
in which this system could operate m heart 
muscle IS illustrated m Figure 3 118 
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Fig 3 118 Hypothetical mechanism of epinephrine 
inotropic and glycogenoivtic effects in heart muscle 
Epinephrine stimulates 3' 5' cyclic AMP production and 
calcium mobilization These sequentially activate phos- 
phorylase b kinase kinase (PhbKK) and inactive phos- 
phorylase b kinase (PhbKi) to active phosphorylase b 
kinase (PhbKa) Inactive phosphorylase b (Phb) is then 
converted to active phosphorylase a (Pha) and glyco- 
genolysis is increased The positive inotropic effect re- 
sults from greater availability of Ca^^ made possible 
by increased Ca"*”^ uptake by the cell This is induced by 
epinephrine and by more efficient Ca"*”^ mobilization from 
the sarcoplasnr'ic reticulum stimulated by cyclic AMP 
(Modified from Rasmussen 1970) 

Glucagon causes a similar activation of glyco- 
genolysis and a positive inotropic effect, pos- 
sibly by a similar mechanism It does not act 
at a /3 receptor site, but appears to stimulate 
cardiac adenyl cyclase at a different receptor 
site This suggests there are at least two re- 
ceptor sites affecting cataly]:ic activity of the 
cyclase, one responding to adrenergic stim- 
ulation and one to glucagon (Mayer, 1970) 

Adrenal cortical hormones have positive ino- 
tropic effects as do angiotensin and serotonin 
Thyroxin possesses positive chronotropic ac- 
tions, but whether or not it is directly inotropic 
is uncertain 

Hypoxemia, hypercapnia, and acidosis of 
sufficient degree depress myocardial contrac- 
tility 

Cardiac Output and Cardiac Work 

The most important external manifestation 
of the heart is its output of blood and the work 
it performs These measurements are obtained 
by the Fick procedure, by the dilution princi- 
ple, and in some instances, by the foreign gas 
methods (pp 3-158 to 3-161) 


DEFINITIONS AND GENERAL 
CONSIDERATIONS 

The output of the heart per beat is spoken of 
as the systolic discharge or the stroke volume, 
and the output per minute as the minute vol- 
ume The value of the latter is simply the prod- 
uct of the stroke volume and the pulse rate 
(pulse rate x stroke volume = minute volume), 
the minute volume divided by the pulse rate, 
therefore, gives the stroke volume The quan- 
tity of blood ejected by each beat of the left 
ventricle in the average healthy man during 
rest IS from 70 to 80 ml An equal quantity is, of 
course, discharged at the same time by the 
right ventricle, making a total for the whole 
heart of from 140 to 160 ml The contents of the 
left ventricle are ejected against a much higher 
mean arterial pressure than the contents of the 
right, the mean pressure in the pulmonary ar- 
tery being about one-sixth of that m the aorta 
The minute volume is expressed m terms of one 
ventricle The output of one ventricle obviously 
represents the quantity of blood flowing through 
the lungs, or through the systemic vessels, dur- 
ing the same period An adult of sedentary 
occupation pumps at least 5500 liters of blood 
through his body daily — from left to right ven- 
tricle through the systemic vessels, and from 
right to left through the lungs 

The portion of the energy output of the left 
ventricle that appears as useful work can be 
roughly calculated from the product of mean 
aortic blood pressure and cardiac output The 
work done by the right ventricle can be simi- 
larly calculated, except that the mean pressure 
IS that in the pulmonary artery The end dia- 
stolic pressure in the left or right ventricle 
should be subtracted from the measured aortic 
pressure or pulmonary arterial pressure since 
the end diastolic ventricular pressure does not 
have its origin from ventricular systole Prefera- 
bly, the transmural pressure should be sub- 
tracted, but this IS difficult to obtain in man 
Ordinarily the end diastolic pressure is small, 
approximating up to 5 mm Hg in the right 
ventricle and up to 10 mm Hg in the left Yet 
under some conditions of heavy ventricular 
loading such as an arteriovenous fistula, or 
congestive heart failure, the value may reach 
30 to 40 mm Hg, and hence, the correction is 
important The simpler calculation also as- 
sumes that the velocity factor is but a very 
small part of the external work of the heart 
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Normally, this is of the order of 1 to 2% When 
cardiac output is quite large in the presence of 
a decreased systemic pressure, or especially if 
aortic or pulmonary stenosis occurs, the kinetic 
factor can be up to 50% of the cardiac work 
(see also pp 3-96 to 98) 

To compare better the cardiac output and 
cardiac work in different individuals, the 
values are generally expressed m terms of sur- 
face area and are spoken of as flow or work in- 
dices Thus, the cardiac index (Cl), stroke 
volume index (SVI), cardiac work index (CWI), 
and stroke work index (SWI) are obtained by 
dividing the cardiac output, stroke volume, 
cardiac work, and stroke work by the surface 
area of the body An average surface area is 1 7 
m ^ Normal values for the right and left heart 
obtained m man during catheterization studies 
are in Table 3 13 The reason for relating car- 
diac output to body surface area m man is that, 
just as in the case of basal metabolic rate, the 
correlation with body size is better when based 
on body surface area than when based on body 
weight Actually, the basic determinants of 
cardiac output are the oxygen requirement of 
the tissues, the volume of oxygen earned per 
unit volume of blood, and the percentage ex- 


traction of oxygen from the blood in tissue cap- 
illaries (i e , the arteriovenous oxygen differ- 
ence) The oxygen requirement depends on 
metabolic rate and blood oxygen content on the 
concentration of respiratory pigment (e g , 
hemoglobin) The arteriovenous oxygen differ- 
ence (i e , percentage ox>gen extraction by tis- 
sues) IS governed by the blood -tissue oxygen 
gradient, the capillary surface area available for 
gaseous exchange, and the time the blood re- 
mains at these surfaces In mammalian species 
(mouse to elephant) ''metabolic weight” is an 
exponential function of body weight (eg, 
kg ® ^®) In larger mammals (dog to horse) car- 
diac output IS linearly related to body weight, 
the output m liters per minute approximates 
0 1 times the body weight in kilograms [more 
precisely cardiac output (liters/min ) 

(0 1017) X (body weight in kg ° ®®)( Patterson 
et al , 1965b) However, if other species are 
considered (eg, fish and crustaceans), body 
weight and body surface area are no longer 
useful as a reference for comparison of oxygen 
requirements as related to circulatory flow rates 
of blood Much higher relative blood flow rates 
are required in those species which have blood 
with low oxygen carrying capacity (Dejours et 


Table 3 13 

Hemodynamic studies in man of the right and left heart during rest and exercise both at sea level and at high altitude 


Condition 

Treadmill 
Exercise 
kg m / 
mm /m * 

Heart 

Rate 

Mean 

BP“ 

mm 

1 Hg 

Cl** 

1 liters/ 
min 

TPR“ 
(Press )/ 
(Flow) 

CWI,“ 
kg m / 

1 mm /m ® 

SVI« 

ml 

SWI« 
gm m / 
mm /m “ 

Oj 
usage 
liters/ 
mm /m * 

AVO, 
ml /lOO 
ml 

Right heart (average 


1 

1 








surface area, 

1 83 m 2) 











Rest 


73 

16 

34 

26 

0 63 

47 

8 

0 132 

4 1 

Exercise 

Leg move- 

152 

35 

9 2 

2 

3 94 

67 

26 

1047 

11 32 


ments 

i 1 









Left heart (average 











surface area, 

1 74 m 2) 

i 










Lima 











Rest 


81 

92 

28 

19 i 

36 

33 

41 



Exercise 

704-986 

163 

109 

8 1 

8 

12 1 

51 

75 

1 353 

16 9 

Left heart (average 



i 








surface area, 

1 62 m ^) 











Morococha 











Rest 


83 

101 

42 

15 

60 

51 

72 

0 209 

57 

Exercise 

490-680 

166 

118 

75 

10 

12 3 

49 

79 

1072 

13 9 

Exercise 

695-749 

175 

125 

15 2 

5 

26 4 

88 

151 




“BP, blood pressure, Cl, cardiac index, TPR, total peripheral resistance, CWI, cardiac work index, SVI, 
stroke volume index, SWI, stroke work index 
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al , 1970) Thus, for comparative purposes, as 
between species, the relationship between cir- 
culatory requirements as reflected by cardiac 
output, must include consideration of arterial 
oxygen concentration Similarly, in man, if the 
oxygen carrying capacity of the blood is dimin- 
ished (as with the low hemoglobin concentra- 
tions seen in anemia), cardiac output must in- 
crease to maintain optimal tissue oxygen supply 
for metabolic needs In man the ratio of cardiac 
output (Q) to oxygen consumption Vo 2 approx- 
imates (m absolute terms) 20 1 (e g , QA^Oa = 
6000 ml /300 ml ) If the oxygen carrying ca- 
pacity is reduced, as in anemia, this ratio in- 
creases as blood flow increases to carry the re- 
quired oxygen The general trend of change is 
similar to that observed in fish and Crustacea, 
and further displays the importance of oxygen 
requirement as a basic determinant of circula- 
tory volume flow 

OUTPUT OF THE HEART NORMAL 
STANDARDS, PHYSIOLOGICAL 
VARIATIONS 

The minute output of the heart under basal 
conditions^ for the average size male adult is 
about 5 5 liters, and the Cl is 3 2 liters The Cl 
is slightly lower for the female and considerably 
higher for children Cardiac output can be 
quite variable in the same person from day to 
day unless extreme precautions are used to 
maintain the resting state 

Conditions in Which Cardiac Output Is 
Not Changed. The cardiac output is appar- 
ently the same when a person is asleep as when 
he is awake and m the horizontal position It is 
unaffected by menstruation, by metabolic aci- 
dosis produced by the infusion of ammonium 
chloride or lactic acid, and by moderate varia- 
tions m the external temperature, although it 
may be increased up to 30% at environmental 
temperatures above 30° C , or by low tempera- 
tures that are associated with shivering The 
native indigenous to high altitude undergoes 
considerable acclimatization by changes in his 
cardiovascular and respiratory systems, so that 
at altitudes of, at least, 15,000 ft , the cardiac 
output IS normal as are his heart rate and sys- 
temic blood pressure and systemic arterio- 
venous O 2 However, the slightest exertion 
will mcrease his cardiac output which will be 

'Body recumbent, at rest and at 20° C for 15 to 
20 min and 12 hr after food and drink 


considerably higher in the sitting rather than in 
the reclining position, whereas m persons in- 
digenous to sea level, such change m posture 
at sea level may decrease cardiac output 

Conditions in Which Cardiac Output De- 
creases. 

Normal The cardiac output is decreased 
about 30% in changing from the recumbent to 
the upright posture 

Pathological States Atrial fibrillation and a 
very rapid heart rate may reduce cardiac 
output up to 50% In complete heart block and 
with an efficient myocardium, the output may 
be approximately normal, but when this exists 
in the presence of coronary sclerosis, my- 
ocardial degeneration, or after open heart sur- 
gery (cutting of the atrioventricular bundle), 
the output may be greatly reduced In other 
subjects, although the output at rest is nor- 
mal, the inability of the heart to accelerate 
properly prevents an adequate output during 
muscular exertion In congestive heart failure, 
cardiac output very often is reduced, and the 
mcrease in cardiac output which normally fol- 
lows muscular effort does not occur or is slight 
This type of failure is to some extent compen- 
sated for by a greater increase in the systemic 
arteriovenous O 2 difference than occurs in 
healthy persons doing a similar amount of ex- 
ternal work 

Conditions Which Increase Cardiac 
Output. Cardiac output may be increased 50 to 
100% by anxiety and excitement and, at least, 
30% by eating (during first 3 hr ) Anemia, 
pregnancy (in later months), metabolic alkalosis 
produced by infusion of sodium bicarbonate, 
and low oxygen or high CO 2 in the inspired air 
are conditions which increase cardiac output up 
to 100% In maximum exercise the cardiac 
output may be increased five, seven, or even 
ninefold 

Effects of Drugs upon the Cardiac 

Output. Adrenaline and histamine increase the 
oxygen consumption and the cardiac output, 
the effect upon the minute volume is, however, 
proportionately greater than that upon the ox- 
ygen consumption Acetylcholine, whose effects 
in general are very evanescent, causes a slight 
mcrease m the minute volume A decided rise 
m the cardiac output is produced by nitrites 
which, like acetylcholine, cause arteriolar dila- 
tion The mcrease in the cardiac output caused 
by nitrites is probably a compensatory effect of 
the lower peripheral resistance, whereby the 



Chapter 5 


Pegu!ation of the Heart 3-119 


blood pressure is maintained near the normal 
level Digitalis produces no immediate effect 
upon the minute volume in normal persons In 
subjects with congestive heart failure and atrial 
fibrillation the output is as a rule, though not 
invariably, increased as the cardiac condition 
improves Atropine which increases the heart 
rate to 150 or 180 beats/min does not increase, 
as a rule, the cardiac output Alcohol in mod- 
erate dosage (35 ml ) causes no more than a 
slight rise in the cardiac output 

REGULATION OF CARDIAC OUTPUT AND 
CARDIAC WORK DURING EXERCISE AND 
EXCITEMENT 

In strenuous exercise, the cardiac output may 
reach 35 to 45 liters/mm (Table 3 13) or in- 
crease 7 to 9 times, while the body oxygen 
usage may increase 10 to 12 times 

Heart Bate. At the transition from rest to 
work, the pulse frequency rises very rapidly 
with heavy exercise, reaching levels of 160 to 
180/mm During short exhaustive work, heart 
rates as high as 240 to 270 have been recorded 
in normal young people This increase in heart 
rate is attributed to some form of autonomic 
control, but the mechanisms have not been es- 
tablished The suspect Bambridge reflex prob- 
ably does not apply since this requires for its 
operation cardiac distension from increased 
venous return As we shall see later, the heart is 
more apt to decrease in size The tachycardia 
during exercise is attributed to a reflex through 
the carotid sinus and aortic baroreceptors re- 
sulting from a reduced arterial pressure as the 
result of vasodilation m the active muscle 
However, the systemic blood pressure rises, not 
falls, during exercise Finally, tachycardia is 
explained as related to direct regulation from 
the higher centers 

Ventricular Pres sure- Volume Relations. 
It has long been believed that the output of the 
heart is governed by its venous blood supply, 
and that the increase in minute output during 
muscular work requires a regulating mechanism 
by which venous return is augmented To effect 
this, the venous blood supply and pressure m 
the central veins must increase to such a height 
that the increased venous flow and ventricular 
filling pressure will dilate the heart and in- 
crease the length of its fibers during each dias- 
tole, and by this stretch cause a greater ventric- 
ular response m the following systole 


A very large amount of experimental work 
has stressed this viewpoint Howell and Don- 
aldson (1883) first showed the intrinsic adapta- 
tion of the heart of the dog to an artificially 
increased venous return Frank (1895) m the 
frog heart, came to the conclusion that the 
magnitude of ventricular contraction is deter- 
mined by the intracavity volume at the end of 
systole In 1914, Patterson, Piper, and Starling 
measured the pressure and volume of both ven- 
tricles with a cardiometer m a heart-lung prep- 
aration of the dog, while the venous return was 
passively and progress i\ ely increased by ele- 
vating a blood infusion reservoir connected to 
the right atrium As the atrial pressure or ven- 
tricular filling pressure rose, the heart dilated 
and with each systole ejected a greater stroke 
volume at a greater ventricular pressure This 
relationship, called “Starling’s Law of the 
Heart” or the “Frank- Starling” mechanism, 
indicated in a more formalized way that “the 
energy of contraction, however measured, is a 
function of the length of the muscle fibers,” 
before contraction (Fig 3 119A) (pp 3-88 to 92, 
and 3-44) As these investigators indicated, 
this relationship is little more than the applica- 
tion to cardiac muscle of what was already 
known about skeletal muscle by Blix m 1891 
and Fick m 1882 This relationship of ventric- 
ular pressure and volume has been confirmed 
for the whole heart in the open-chest dog and 
for the left ventricle m the open- and closed- 
chest dog (Fig 3 I19 jB). 

Because of the difficulty of estimating 
volume of a single ventricle and the relative 
ease of pressure measurement, attempts have 
been made to correlate mean atrial pressure or 
end-diastolic pressure of the associated ven- 
tricle with the stroke volume or stroke work 
A useful experimental preparation for this type 
of study by Sarnoff et al (1958) is in Figure 
3 120 Samoff has found that the curves ex- 
pressing the relation of mean atrial pressure 
and stroke work are shifted m one direction by 
conditions improving myocardial performance 
(stimulation of cardiac fibers from the stellate 
ganglia, reflex stimulation of the myocardium 
by a decrease in carotid sinus perfusion pres- 
sure, injection of epinephrine), while unfavor- 
able conditions such as vagal stimulation, in- 
crease m carotid sinus perfusion pressure and 
coronary insufficiency shift the curves m the 
opposite direction These ventricular function 
curves provide important objective evidence 
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that ventricular control can involve changes m 
myocardial contractility, a concept now widely 
accepted (Fig 3 119 C, D) 

As one approaches the normal state, however, 
the evidence is equivocal for this relationship 
The peripheral venous pressure in man during 
heavy work (2 8 liters oxygen/m in ) can in- 
crease up to 7 mm Hg Variations of filling 
pressure, however, cannot he deduced from 
peripheral venous pressure because of the un- 
known pressure gradient from the periphery to 
central veins In the dog exercising on the 


treadmill, in the human following injection of a 
small amount of epinephrine or exercising 
nwldly while lying down, there may be no di- 
rect correlation between the increased cardiac 
output or cardiac work and the atrial or ven- 
tricular end diastolic pressure Furthermore, 
mtracardiac end-diastolic pressure measure- 
ments alone do not necessarily represent the 
effective transmural pressure, since it was 
shown in the closed -chest dog that under cer- 
tain experimental conditions a rise in ventric- 
ular end -diastolic may be accompanied by a 
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Fig 3 119 Performance characteristics of the heart A Relation of O 2 usage to cardiac work and diastolic volume 
le the energy output of the heart utilizing the heart lung preparation ' (Starling and Visscher 1926) B pressure- 
volume function curves of the left ventricle in the open-chest dog C Effect of sympathetic and parasympathetic cardiac 
nerve stimulation on the relation between mean left atrial pressure and left ventricular stroke work and relation be- 
tween left ventricular end-diastolic pressure and left ventricular stroke work (Sarnoff 1960) D response of right 
ventricular stroke work to mean right atrial pressure and to ventricular end-diastolic pressure and the effects of auto- 
nomic stimulation The parasympathetic response is presented only for direction and does not indicate magnitude 
(Sarnoff 1 960 ) £ change in effective end-diastolic pressure (EDP) vs stroke work m the normal dog before and within 
1 min after exercise (From Gregg et al 1955 ) 
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Fig 3 120 Modern version by Sarnoff of isolated 
heart or heart-lung preparation The coronary venous 
return is passed through a donor dog to maintain the 
blood at a normal biochemical environment before it is 
infused into the coronary system of the isolated heart 
In older versions of the Starling isolated heart or heart- 
lung preparation in which the coronary venous blood 
circulating through the myocardial wall was simply reoxy- 
genated and returned to the coronary system progres- 
sive deterioration in performance characteristics de- 
veloped within 60 to 90 min SD support dog SDR sup- 
port dog reservoir SOL solonoid valve electrically 
operated by microswitch at top of reservoir float SR 
air-filled Starling resistance PET Plotter electrotur- 
binometer DA arterial densitometer RES reservoir 
I R water-filled inflow Starling resistance D V venous 
densitometer ROT rotameter (Sarnoff et al 1 958 } 

concomitant increase in the mtrapericardial 
pressure On the other hand, in subjects with 
an artificial pneumotherax, a linear relation 
was found between effective or transmural 
atrial pressure and stroke volume with an in 
crease of 2 mm Hg providing an increase in 
stroke volume of 40% In humans whose auto- 
nomic nervous system has been inhibited by a 
ganghonic-blocking drug elevation of the left 
ventricular end-diastolic pressure, induced by 
blood transfusion, was accompanied by an in- 
crease of the cardiac output and stroke volume 
This relationship also apparently holds m pa- 
tients with high output failure and very large 
ventricular volumes 

Ventricular Volume and Stroke Volume. 

As already indicated, comparisons of direct 
measurements of ventricular volume with pres- 
sure or with stroke volume or stroke work have 
not been made in the normal state in which the 
aggregate complications of venous resistance, 
intrathoracic pressure, vascular volume, 
changing heart rate, neurogenic factors, and 
humoral influences exist However, highly 


suggestive evidence has been obtained by esti- 
mating the ventricular volume m systole and 
diastole The essential findings follow. 

In man and the dog, the left ventricular dia- 
stolic volume and stroke volume increase in the 
recumbent position as compared to the more or 
less upright position Concurrently, the central 
blood pool or thoracic blood volume increases 
by about 400 ml The cardiac output and heart 
rate change in opposite directions on alteration 
of position, 1 e , in the supine position the car- 
diac output increases and the heart rate de- 
creases Correspondingly, assuming the upright 
position IS accompanied by a reduction in heart 
size and stroke volume 

In the resting dog, an increase in venous re- 
turn induced by a rapid infusion of blood or by 
displacing blood from the splanchnic area into 
the thorax by abdominal compression increases 
the left ventricular dimension without signifi- 
cantly altering stroke volume or stroke work 
Excitement or startle or the anticipation of ex- 
ercise just before treadmill activity can lead to 
a transitory increase in stroke volume with en- 
largement of the left ventricle 

Nonexhaustive exercise by healthy dogs and 
normal untrained supine human subjects may 
be accompanied by increased cardiac output, 
primarily resulting from tachycardia with little 
or no progressive increase in stroke volume as 
the level of exertion increases Stroke volume 
during such exertion may only occasionally ex- 
ceed the resting recumbent values in healthy 
dogs or untrained human subjects, although 
with exercise performed in the upright position 
(when the resting stroke volume is smaller), a 
definite increase in stroke volume accompanies 
the increasing heart rate and cardiac output 
Concurrently, the left ventricular dimension of 
the dog’s heart remains the same or becomes 
smaller However, trained athletes and patients 
with chronic volume loads, such as in valvular 
insufficiency, may increase cardiac output with 
a significant augmentation of stroke volume 
and a lesser degree of tachycardia The rela- 
tively small hearts of untrained persons may 
show a tendency to reduce their diastolic size 
during exercise but the end-diastolic size of the 
large hearts of athletes gets much smaller The 
larger capacity of athletes, as compared to un- 
trained subjects, for increasing cardiac output 
during exercise is explained by the larger stroke 
volume 

Evidence for increased contractility of the 
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myocardium during exercise is m the increasing 
rate of tension development, rate of blood ejec- 
tion, and rate of relaxation as seen in the ven- 
tricular pressure curves and the aortic flow 
curves 

The preceding evidence suggests, but does 
not offer quite certain proof, that the funda- 
mental property of cardiac muscle of a relation 
between end ventricular diastolic size and en- 
ergy release is not dominant, but rather that in 
the normal dog and man, an increase in cardiac 
output during exercise is achieved mainly by an 
increase in heart rate with a constant or slightly 
increased stroke volume A little reflection will 
indicate, however, that this is a self -regulating 
mechanism and cannot alone explain the ob- 
served changes in cardiac output When the 
heart accelerates, the output per beat can be 
kept constant only if the venous inflow is ade- 
quate, only under such circumstances can the 
minute volume be increased 

The contribution which cardiac acceleration 
can make toward the minute volume is, there- 
fore, strictly limited, for rates from 180 to 200 
are about the maximums to which the healthy 
heart can be speeded up This is only about 2 V 2 
to 3 times the normal rate With a constant 
stroke volume, therefore, cardiac acceleration 
could not increase the minute volume more 
than about 3 times Yet reliable data have 
shown that the cardiac output of untrained 
man doing strenuous exercise may increase 
ninefold (from 5 to 6 liters/min at rest to 35 to 
45 liters) and the oxygen consumption 12 times 
(from 250 ml oxygen at rest to 3000 ml ) In 
this circumstance, it must be concluded that 
the stroke volume increases 2 to 3 times (even 
at a maximum pulse rate) to account for up to 
50% of the cardiac output increase This is 
borne out by some of the data in Table 5 13 

In summary, it can be stated that both 
changes m stroke volume and heart rate con- 
tribute significantly to regulation of cardiac 
output in man, but no firm conclusion can be 
drawn as to the relative role that stroke vol- 
ume, heart rate, and diastolic and systolic vol- 
umes play under various conditions of stress 

Body Arteriovenous (AV) O2 Difference. 
Since the body oxygen usage can increase 12 
times m exercise, it is important to know the 
mechanisms by which this amount of oxygen 
IS supplied to the tissues The AV O 2 differ- 
ence IS generally calculated from the oxygen 
usage divided by the cardiac output, the for- 


mer being determined by collection and oxy 
gen analysis of the expired air and the cardiac 
output by the dilution technique, which does 
not require cardiac catheterization The oxygen 
extraction rises but considerably more slowly 
than does the cardiac output, reaching m very 
heavy exercise a calculated maximum of 13 to 
16 ml /1 00 ml of blood Since most of the in 
crease in blood flow is presumably through the 
exercising muscle, this means that the oxygen 
extraction at times must be very nearly com- 
plete in the latter, a situation similar to that 
which has been observed in the heart muscle 
with maximal activity In well-trained subjects, 
it appears that the rise in AV O 2 difference, as 
well as heart rate, are somewhat smaller, while 
the stroke volume is larger {see p 3-221) 
Other Hemodynamic Variables m Exer- 
cise In addition to the heart rate and stroke 
volume alterations occurring in exercise, many 
other changes are involved which may be mild 
or almost insignificant in light exercise, or 
which may be massive is strenuous activity 
(Table 3 13) In the presence of heavy exercise 
and a very large increase in cardiac output, the 
CWI of the left ventricle may increase four 
times, the systemic blood pressure may increase 
considerably, the arterial pressure pulse may 
increase from 50 to 100 mm Hg, the total pe 
ripheral resistance may decrease greatly Pre 
sumably, the latter results mainly from vasodi 
lation m the metabolically active beds for, since 
splanchnic blood flow m man is decreased in 
the presence of an elevated systemic blood 
pressure, resistance m the splanchnic bed must 
be increased In the pulmonary circulation, the 
arterial pressure rises moderately, while the re 
sistance decreases or undergoes little change 
Finally, as pointed out earlier, the central ve- 
nous, atrial, and ventricular end -diastolic pres- 
sure do not necessarily increase The alterations 
m many hemodynamic parameters during exer- 
cise is indicated in Figure 3 121 
The Role of Catecholamines. The impor- 
tance of the sympathetic nervous system m the 
regulation of the heart’s performance has al- 
ready been mentioned on several occasions 
throughout this section The effects of sympa- 
thetic nerve stimulation are in all likelihood 
mediated through the release of norepinephrine 
from the nerve endings Evidence for this view 
may be summarized as follows 
The mammalian heart, including the human, 
like several other tissuea and organs possessing 
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a rich adrenergic innervation, contains signifi- 
cant stores of norepinephrine The norepineph- 
rine content of the tissues is closely related to 
the number of adrenergic fibers supplying 
them It disappears completely following post- 
ganglionic sympathetic denervation Similarly, 
the administration of reserpine results in prac- 
tically complete disappearance of norepineph- 
rine from the heart, and, in animals so treated, 
the positive chronotropic effect of accelerator 
nerve stimulation is blocked The cardiac ef- 
fects of stellate ganglionic stimulation can be 
mimicked by norepinephrine infusion Finally, 
during stellate ganglionic stimulation, norepi- 
nephrine can be recovered from coronary ve- 
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nous blood, m an amount proportional to the 
intensity of the stimulus 

REGIONAL DISTRIBUTION OF OXYGEN 
CONSUMPTION AND BLOOD FLOW 

The preceding discussion indicates that de- 
spite much study of long familiar functions, 
their operation in the adjustments of oxygen 
and cardiac output to exercise is poorly under- 
stood The response of oxygen usage and blood 
flow, of course, represents the average require- 
ments of organs and regions of the body The 
advent of implantable sonar and electromag- 
netic flowmeters now makes it possible to 
measure blood flow simultaneously in a limited 
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Fig 3 121 Left side hemodynamic responses in exercising man and right side hemodynamic responses in the un- 
anesthetized dog to exercise to stimulation of the cardiac sympathetic fibers and of the hypothalamic area Dotted 
lines represent the less usual responses 
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number of different vascular beds in intact, 
conscious animals under a variety of physiolog- 
ical conditions Table 3 14 is presented showing 
data on distribution of flow and oxygen con- 
sumption in resting and exercising man, ob- 
tained by different t>pes of measurement by 
different observers on different subjects (In 
some instances, values are extrapolated from 
animals ) The values are certainly not absolute 
but the general pattern of distribution may be 
right The kidney blood flow of 400 ml /lOO g 
of tissue is about six times greater than that of 
any other organ (nearest is the heart with a 
flow of 70 ml ) The heart per unit of tissue, on 
the other hand, uses considerably more oxygen 
than any other organ Four regions — brain, 
heart, liver and intestine, and kidney, make up 
about 7% of body weight but receive 65 to 70% 
of the output of the heart and account for 60% 
of the total oxygen used at rest The skeletal 
muscles representing 50% of body weight re- 
ceive only 20% of cardiac output at rest and 
account for only 15% of body oxygen usage, but 
during exercise they may account for 80 to 90% 
of the oxygen consumption and cardiac output 
The bram which is only 2% of body weight 
requires more than 20% of the total oxygen 
used by the body and during convulsions (ob- 
served in monkeys), this fraction may increase 
to 40% and the brain fraction of cardiac output 
from 14 to 20% Thus, the cardiovascular re- 
sponse IS not limited to an adjustment of the 
cardiac pump, complicated as this may be Cer- 
tainly, real changes occur in the distribution of 
the output of the pump 


CoordsBiatgooi €)i Rsglhdt arad Left Heart 
Actswoty 

As shown in Figure 3 122, the outputs of the 
left and right ventricles must be maintained in 
equilibrium if the blood volume and hemody- 
namic relations between the pulmonary and 
systemic circulations are to be preserved The 
cardiac factors which serve to interrelate right 
and left ventricular activity are 

1) Frank -Starling Mechanism This serves to 
adjust each ventricular output to its inflow 

2) Ventricular End-Diastolic Volume The 
ventricles do not empty completely with each 
beat A change in stroke volume induced by 
sudden alterations in sympathetic tone can 
occur from beat to beat through alterations in 
the ratio of stroke volume to end -diastolic 
volume In dogs, abrupt onset of exercise in- 
duces a simultaneous increase in both right and 
left ventricular stroke volumes (Franklin et al , 
1962), presumably because of increased sympa- 
thetic activity Any disparity between venous 
returns of the two ventricles can thus be buff- 
ered by changes in end-diastolic volume 

These factors, in turn, are aided by mecha- 
nisms which effect coordination of right and 
left heart volume output and accommodate 
temporary differences 

1) Storage Function of the Pulmonary Circu- 
lation This permits moderate increases in 
pulmonary blood volume for a time Experi- 
mentally, rapid mtravenous infusion of saline 
increases right ventricular output first The left 
ventricular output is increased similarly after a 


Table 3 14 

Distribution of cardiac output and oxygen usage 


Weight Blood Flow Oxygen Usage 0 2 Extraction 


Venous 


Region 

Kg 

% 

Total 

Liters/ 

mm 

% 

Total 

Ml/ 

100 g 

/mm 

Ml/ 

mm 

% 

Total 

Ml/ 

100 g 

/min 

0 . 

miy 
100 ml 
blood 

AVO, 

Total 

70 

100 

54 

100 


250 

100 


14 5 

45 

Bram 

154 

22 

0 83 

15 

54 

63 

23 

37 

12 5 

65 

Convulsion 



1 15 

20 

75 






Heart 

0 33 

05 

0 22 

4 

70 

23 

9 

70 

7 

12 

Liver, intestines 

2 86 

40 

1 54 

29 

54 

55 

20 

1 95 

15 

40 

Kidney 

0 33 

05 

1 43 

27 

430 

20 

7 

60 

17 

20 

Skeletal muscle 

34 0 

50 0 

0 92 

17 

27 

55 

20 

0 16 

12 5 

65 

Exercise 



35 0 

80 

100 

2700 

90 

7 9 

3 

16 0 
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lag time of at least three cardiac cycles During 
this period the blood volume in the pulmonary 
circuit increases temporarily 

2) Flow Transmission through the Pulmo- 
nary Vasculature Right ventricular flow pulse 
IS transmitted with little storage of volume in 
the lung circulation The pulmonary venous 
flow pulse IS synchronized with the period of 
rapid filling of the left ventricle Therefore, the 
end-diastolic volume of the left ventricle can be 
directly influenced by right ventricular stroke 
output, which IS transmitted to the left atrium 
in about 0 1 sec (Morkm et al , 1965) An in- 
crease in right ventricular stroke volume can 
cause an increase in left ventricular stroke 
volume at the next heart beat (Franklin et al , 
1962) The transmission of this stroke flow is 
related to the stiffness (compliance) of the pul- 
monary vasculature Increased stiffness (sym- 
pathetic activity) increases flow wave transmis- 
sion, thus aiding in ventricular coordination 
(see pp 3-22 and 3-210) 

3) Bronchial Circulation There is free com- 
munication between the capillaries of the pul- 
monary vascular bed and the bronchial circula- 
tion The bronchial flow (part of left ventricular 
output) returns in part to the left atrium 
through the pulmonary veins, a smaller fraction 
returns to the right atrium via the azygos vein 
and superior vena cava Thus, a shunt is pro- 
vided which could serve to equalize pressure 
and flow between the two circulatory systems 
The possible importance of this mechanism in 
health and disease has not been established 

COORDINATION OF ATRIAL AND 
VENTRICULAR ACTIVITY 

Atrioventricular conduction time decreases 
with the interval between heart beats so that 
the timing of atrial and ventricular contraction 
remains sequential An increase in rate of 
spread of excitation over ventricular muscula- 
ture and shortening of the action potential du- 
ration accompany cardiac acceleration Thus, 
systole IS shortened and the sequence of activa- 
tion of the myocardium as a whole (i e , both 
ventricles) is maintained with changes in heart 
rate 

THE HEART AND VESSELS AS A 
COORDINATED SYSTEM 

The right and left sides of the heart are con- 
nected to their respective vascular systems at 
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Fig 3 122 Diagram illustrating the consequences of 
a 2% difference m right (RV) over left (LV) ventricular 
outputs if mechanisms did not come into play to keep 
the mean outputs of the two ventricles the same Ac- 
tually death would supervene before a shift of blood 
volume of the magnitude depicted could occur (Volumes 
and figure from Burton 1965 ; 

both their input and output ends Cardiac 
output IS adjusted to its venous return and to 
arterial pressure The arterial side is hemody- 
namically coupled with the heart only during 
systole, the venous side at all times Through 
these couplings, circulatory flow volume and 
pressure directly influence the intrinsic regula- 
tory factors of the heart More remote influ- 
ences from the vascular system are transmitted 
to the heart by nerve impulses and humoral 
agents (extrinsic regulation) Primary changes 
in cardiac output similarly affect vascular func- 
tion Thus, the volumes, flows, resistances, and 
pressures in all parts of the circulation are ca- 
pable of affecting function in all other regions 
of the system 

Cardiac function curves (so-called Starling 
curves) relate factors governed in part by ve- 
nous return (eg, mean right atrial pressure, 
end-diastolic ventricular volume, end-diastolic 
pressure) to cardiac output or some function of 
the ventricle which is a determinant of cardiac 
output (eg, stroke volume, ventricular pres- 
sure, rate of pressure development dP/dt, 
power, work) Figure 3 123 illustrates a group 
of such curves relating cardiac output to right 
atrial pressure Usually left ventricular output 
IS determined, so that the curves describe a re- 
lationship between left ventricular function and 
right atrial pressure Such a simplified model of 
the circulation is shown in Figure 3 123A As 
can be seen from the normal curve in Figure 
3 123 jB, when right atrial pressure increases, 
cardiac output increases When right atrial 
pressure falls sufficiently below zero (eg, -2 0 
mm Hg), cardiac output is 0, at 0 0 mm Hg it 
IS 5 liters/min and at 5 0 mm it is 12 5 
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Fig 3 123 Cardiac and Systemic Function Curves A simplified model of the circulation Cardiac function curves 
may be plotted from determinations of right atrial pressure (RA) and left ventricular output (LV) The resultant curves 
c aracterize steady-state flow through the heart and lungs When the only parameters measured are LV output and 
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liters/mm Lines a and c are for hyperdynamic 
(a) and hypodynamic (c) hearts The former 
represents the direction of change with, for 
example, sympathetic nerve stimulation or car- 
diac hypertrophy of lengthy physical training, 
the latter represents the direction of change 
associated with inhibition of sympathetic tone, 
vagal stimulation or myocardial disease 
These curves permit an evaluation of the 
functional state of the heart based on the meas- 
urement of two factors e g , right atrial pres- 
sure and left ventricular output Any influence 
of the right ventricle, pulmonary circulation, or 
left atrium would alter the relationships be- 
tween these two variables, but would not be 
distinguished from changes in left ventricular 
function by this analysis 

Venous return or systemic function curves 
(Guyton, 1955, 1963) are employed to relate 
right atrial pressure and venous return (Fig 
3 123C, D) The same two coordinates used m 
the Starling curve are here related right atrial 
pressure and volume flow But in this case flow 
IS expressed as venous return rather than car- 
diac output Note, however, that now the rela- 
tionship between flow and pressure is the in- 
verse of that described by Starling curves In 
the Starling curve a rise of atrial pressure is 
associated with an increase in cardiac output 
In venous return curves, increasing atrial pres- 
sure decreases venous return The systemic 
function curves represent right atrial pressure 
(dependent variable) as a function of venous 
flow (independent variable) In the systemic 
function curves, contrary to convention, the 
dependent variable is plotted along the ab- 
scissa, whereas in the Starling curve convention 
IS followed and the dependent variable (cardiac 


output) IS plotted along the ordinate The fact 
that the relationship between pressure and flow 
IS reversed in the two types of curves is not 
contradictory It simpl> means that the varia- 
bles are interdependent and both relations op- 
erate simultaneously m the system (see pp 3-8 
to 3-12) B\ considering flow first as the de- 
pendent variable (Starling curve) and then as 
the independent variable, (systemic function 
curve) the individual roles of factors deter- 
mining right atrial pressure, venous return, and 
cardiac output are emphasized Starling curves 
deal with circulation through the heart and 
lungs, systemic function curves with circulation 
through the systemic vessels In the former, the 
heart (with the lungs and pulmonary circuit 
remaining to provide blood oxygenation) is al- 
lowed to respond functionally as the dependent 
variable to controlled alterations in pressure, 
flow, and resistance of the systemic vascular 
system which affect atrial pressure (independ- 
ent variable) In the latter, the heart and 
lungs are replaced by a pump oxygenator (inde- 
pendent variable) and flow in the systemic vas- 
cular system becomes the dependent variable 
Figure 3 123 C depicts a series of systemic func- 
tion curves Note that in the normal curve, 
blood flow into the right atrium reaches zero at 
an atrial pressure of 7 mm Hg This is the ex- 
pected pressure in all parts of the systemic cir- 
culation when equilibrium occurs following ces- 
sation of flow It IS the mean filling pressure of 
the systemic circulation and is termed mean 
systemic pressure (P^s) The value 7 mm Hg 
has been determined in dogs by stopping the 
heart, and within 2 to 3 sec pumping blood 
from the arterial to the venous side until the 
pressure is equalized (Guyton et al , 1954) The 


RA pressure the possible effects of hemodynamic influences of the right ventricle pulmonary vessels and left atrium 
(dotted square) are ignored B cardiac function curves for the heart a Hyperdynamic cardiac state b Normal state 
c Hypodynamic cardiac state C Systemic function curves the effect of changing mean systemic pressure (Pms) a 
Pms of 1 1 mm Hg b, P^s of 7 mm Hg c Pms of 3 5 mm Hg D Systemic function curves the effect of changing 
resistance to venous return f Cardiac function (cardiac output) and systemic function (venous return) curves plotted 
on the same axes A the equilibrium point with coordinates of 5 liters/min cardiac output and venous return (ordinate) 
and 0 mm Hg right atrial pressure (abscissa) These coordinates represent stable values at which the system is op- 
erating When a perturbation occurs (such as a sudden shift of right atrial pressure from A to B) the coordinates for 
cardiac output reach a new point (C) In a stable system, a senes of changes is initiated {D E etc ) and the original 
equilibrium value {A) is regained F the effect of altering sympathetic tone A control cardiac function and systemic 
function curves B the effect of sympathetic nerve stimulation C The effect of sympathetic nerve inhibition (e g with 
spinal anesthesia) G Shifts m cardiac and systemic function curves in congestive heart failure A equilibrium point of 
control curves B new equilibrium point when the heart fails (decrease in cardiac output and increase in -nqtrUatxial 
pressure) C equilibrium point established when the increase in blood volume which is expected m heart failure occurs 
Cardiac output is substantially increased owing to this shift m the equilibrium point H The effect of exercise on cardiac 
and systemic function curves A the control equilibrium point B the new equilibrium point when cardiac output and 
right atrial pressure are increased during strenuous exercise 
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Pms IS determined by the volume capacity of 
the vascular system and its degree of filling 
(blood volume) In the systemic function curves 
an increase of venous return is seen as atrial 
pressure falls (Fig 3 123 C, D) until a plateau is 
reached This is the maximum venous return 
which is not exceeded as atrial pressure con- 
tinues to fall The plateau is caused by progres- 
sive collapsing of the veins (at the thoracic en- 
trance) which increases resistance to flow This 
automatically limits the rise in venous return 
with further fall in atrial pressure When the 
Pms IS increased (increased blood volume, de- 
creased vascular capacitance) the curve is 
shifted upward and to the right, while with a 
fall in Pms it shifts to the left and downward 
(Fig 3 123C) If the P^s remains constant when 
vasodilatation occurs, venous return increases 
as resistance to flow decreases and the function 
curves rotate about the point of right atrial 
pressure which equals P^g (Fig 3 123D) 

Figure 3 123E illustrates the relationship 
between right atrial pressure, venous return, 
and cardiac output These two function curves 
cross at point A, the« ''etimlibrium point The 
coordinates of this point represent the cardiac 
output and mean right atrial pressure which 
characterize the state of the heart and circula- 
tory system at the time the curves are derived 
As long as the system is operating along these 
cardiac output and systemic function curves, it 
will tend to stabilize at this equilibrium point 
For example, a sudden increase m right atrial 
pressure from point A to B, all other factors 
remaining unchanged, would result in in- 
creased cardiac output (point C) This could be 
induced experimentally by withdrawing a given 
volume of blood from the arterial side and in- 
jecting it during ventricular systole into the 
venous side The increase in right atrial pres- 
sure would increase cardiac output (point C) 
while decreasing venous return The cardiac 
output would then exceed venous return and 
during the next four or five heart beats, blood 
from the heart and pulmonary circulation 
would be transferred into the systemic circula- 
tion Thus, atrial pressure would be reduced 
(points D, E, etc ) as cardiac output decreases 
also The process would continue until the 
stable equilibrium point for the two function 
curves would be reached 
With alteration in sympathetic tone, shifts 
occur as depicted in Figure 3 123F, increased 


sympathetic tone shifts the ventricular function 
curve to the left and the systemic function 
curve upward and to the right New coordi 
nates are then established for the equilibrium 
point (B) representing an increase in cardiac 
output and venous return and decrease in mean 
atrial pressure Decreasing sympathetic tone 
has the opposite effect and the new equilibrium 
point (C) shows that flow into and out of the 
heart is less for a given right atnal pressure 
Marked reduction in cardiac output, as occurs 
in heart failure, shifts the cardiac output curve 
to the right and the equilibrium point lower on 
the systemic function curve (from A to B, Fig 
3 123G) Even if cardiac function does not im- 
prove, fluid retention with hypervolumia in 
creases P^s, shifting the systemic function 
curve upward and to the right, establishing a 
new equilibrium point (C) 

With exercise marked shifts in the function 
curves occur In Figure 3 123/f, the steady state 
attained during strenuous exercise is depicted 
A represents the equilibrium point at a resting 
cardiac output of 5 liters/min and mean right 
atrial pressure of 0 0 mm Hg B is the equilib- 
rium point attained with a fivefold increase m 
cardiac output and elevation of right atrial 
pressure to about 5 mm Hg Mean systemic 
pressure has increased to 24 mm Hg, the result 
of sympathetic contraction of capacitance ves- 
sels The systemic function curve slope is 
steeper than the resting curve because vasodila 
tation in the active muscles reduces resistance 
to flow through part of the systemic circuit 
The cardiac output curve is shifted to the left 
as the result of inotropic cardiac effects of sym- 
pathetic nerve activity and elevation of myo- 
cardial tension (Anrep effect, p 3-110), caused 
by increased arterial pressure (afterload) which 
accompany exercise The two curves equili- 
brate at B, a point on the cardiac output curve 
which IS near its maximum 

The foregoing type of analysis is only a rough 
approximation based on simplified assumptions 
regarding the vascular system and reasonable 
presumptions regarding the course of the car- 
diac output curves However, it serves to illus- 
trate the complex interactions between cardiac 
output, arterial pressure, right atrial pressure, 
and venous return in cardiac regulation In this 
way the analyses have predictive value and 
agree with experimental observations (Guyton, 
1963) 
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Cardiac Reserve 

Present knowledge of the reserves available 
to the heart to cope with various stress impacts 
permits little more than their enumeration. 
The potential reserves are its heart rate, its sys- 
tolic and diastolic volume, its blood flow, the 
oxygen content of the body mixed venous 
blood, the cardiac work, the changing efficiency 
of the heart, and possibly the stores of catechol- 
amines. 

The reserve in heart rate is about 130 to 140 
beats/m in., resulting in a maximum heart rate 
of 210. The reserve in stroke volume is 80 to 
100 ml. since each ventricle normally contains 
about 150 to 170 ml., of which 60 to 70 ml. is 
ejected during systole. This figure is somewhat 
lower than the measured figure of 190 ml. for 
maximum stroke volume in Peruvian natives in 
the mountains, exercising to exhaustion on a 
treadmill. Attainment of such an increased 
stroke volume indicates an increased contrac- 


tility of the myocardium. The reserve in blood 
flow approximates 30 liters/min., since max- 
imum cardiac output is about 35 liters/min. in 
man working to exhaustion, and the resting 
cardiac output is about 5 liters. The potential 
reserve of oxygen within the body is about 900 
ml. This is based upon the fact the body mixed 
venous blood contains 15 to 16 ml. oxygen/100 
ml. blood, and the blood volume is 5500 ml. 
However, neither normal persons nor persons 
with heart disease utilize this oxygen to the 
full. With maximum exertion, the oxygen ex- 
traction approximates 14 to 16 volumes %. This 
is supplemented by the ability of the liuman 
body to take up a maximum of 3000 ml. 
oxygen/min., or an excess of about 2700 ml. 
over that in the basal state . The reserve work of 
the heart is at about 75 kg. m./min., since the 
maximum left ventricle work recorded is about 
80 kg. m./min., and the resting left ventricle 
work approximates 5 to 6 kg. m./min. 
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Two coronary arteries, the right and left, 
carry blood to the myocardium About 2 mm 
from its ostium, the left coronary artery divides 
into the left circumflex and the anterior de- 
scending branches The former runs m the 
atrioventricular (AV) groove to the left, ending 
in a posterior descending branch The anterior 
descending branch runs downward in the inter- 
ventricular groove toward the apex Near its 
origin, septal branches are given off The right 
coronary descends m the right (AV) sulcus and 
ends posteriorly as several descending branches 
on the right and left ventricles The subdivi- 
sions of the main coronary rami descend super- 
ficially in the general direction of the apex and 
give off myocardial branches which course di- 
rectly into the ventricular muscle At or near 
the apex, where the superficial muscles form a 
spiral and penetrate to form the innermost 
(subendocardial) layer of muscle, the terminal 
coronary arteries go along with the muscle to 
supply the inner layer of both ventricles and 
the papillary muscles Anatomical studies in 
both the dog and human heart indicate that 
vessel branching within the myocardium is re- 
lated to muscle bundles, but numerous commu- 
nications exist between the different muscle 
layers 

As in any other vascular system, each of the 
two coronary arteries connects with its capillary 
bed, its superficial myocardial venous bed, and 
eventually with the right atrium (Fig 3 124) 
The epicardial branches of the coronary arteries 
and coronary veins also anastomose with each 
other and with extracardiac arteries and veins 
There are numerous arteriovenous shunts In 
addition to these pathways, the arterioles as 
well as the capillaries and superficial veins con- 
nect directly with both ventricular cavities by 
discrete, deep drainage channels, the artenolu- 
mipal, the arteriosmusoidal, and the Thebesian 
vessels which together comprise the deep coro- 
nary dramage circuit 

In man, approximately 50% of hearts have 


the right coronary artery predominant, 30% 
have a balanced coronary circulation, and 20% 
have the left coronary artery predominant 

The experimental animal most frequently 
employed in studying coronary vascular func 
tion is the dog despite certain anatomical dif 
ferences In the dog, in contrast to man, there 
IS a higher incidence of left coronary artery 
predominance and differences in detail of ar 
terial and venous distributions (Detweiler et 
al , 1970) 

MYOCARDIAL CAPILLARY CIRCULATION 

The coronary microcirculation is organized as 
m other tissues True capillaries (endothelial 
tubes) arise from metarterioles whose walls 
have smooth muscle cells at irregular intervals 
Precapillary sphincters (or cuffs of smooth mus 
cle) are located at the origin of the true capil 
lanes The ratio of capillaries to myocardial 
fibers approaches 1 1 in the adult myocardium 
This “ratio” is the same for skeletal muscle 
However, m the latter fiber diameter is much 
greater — 50 m skeletal muscle versus 20 in 
cardiac muscle — and there are about six times 
more capillaries per unit cross-section of my 
ocardium 

Coronary Circulation and Cardiac 
Metabolism 

LEFT CORONARY ARTERY FLOW 
AND CHEMICAL COMPOSITION OF 
CORONARY SINUS BLOOD AS 
INDICES OF LEFT VENTRICULAR 
METABOLISM 

It is not possible to quantitate accurately the 
metabolism of the right ventricle m the dog 
because its superficial anterior cardiac veins 
have many exits into the right atrium and be- 
cause their contained blood is grossly contami- 
nated by blood from the left coronary artery 
However, a large percentage of the drainage of 
the left myocardium is accessible In most in 
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Fig 3 124 Schematic representation of the coronary 
circulation The areas enclosed within the circles depict 
the capillary beds collateral communications and AV 
shunts (Gregg and Sabiston 1956) 

stances quantitative changes in the metabolism 
of the left ventricle can be obtained from meas- 
urement of the chemical composition of the 
coronary sinus blood together with measure- 
ment of the left coronary inflow This is be- 
cause T) coronary sinus blood is almost entirely 
from the left coronary artery, 2) by means of a 
special cannula which permits collection of all 
blood draining into the coronary sinus, the per- 
centage of left coronary artery inflow recovered 
in the coronary sinus is quite high (80 to 90%) 
and reasonably constant during the induction 
of a variety of physiological variables and drug 
injections, 3) the O 2 content of the venous 
blood from the left coronary artery not draining 
into the coronary sinus is generally only slightly 
less than that in the coronary sinus 
Basal Data. In the resting state, the coro- 
nary data for dog and man agree With the left 
ventricular cardiac work index approximately 
3 5 to 4 6 kg -m /mm /m left coronary flow 
approximates 72 to 85 ml/100 g of left 
ventricle/min In anesthetized and unanesthe- 
tized dogs, under stress conditions, values as 
high as 600 ml /lOO g of left ventricle/mm 
have been recorded Although the heart can 
remove essentially all oxygen from the coronary 
blood in its passage through the myocardium, 
normally about two-thirds is extracted with an 
arteriovenous difference of 12 to 14 ml. and a 
coronary sinus value of 4 to 5 ml /lOO ml of 


blood This extraction changes little with in- 
creased stress, signifying that the oxygen supply 
is well balanced with metabolic demands 

Oxygen uptake per 100 g of left ventricle is 8 
to 10 ml /mm Oxygen consumption during sys- 
tole averages about three times that m diastole 

Myocardial Response to Anoxia. The coro- 
nary vascular bed is very reactive to the stim- 
ulus of anoxia, occlusion of a cornary artery for 
as short a time as 5 sec is followed by a tempo- 
rary increase m blood flow Reactive hyperemia 
is considered to be the excess blood flow (over 
the control flow that normally would have oc- 
curred) which follows release of an arterial oc- 
clusion (Fig 3 126) The amount and duration of 
the reactive hyperemic blood flow increase with 
lengthening periods of left circumflex artery 
occlusion up to 120 sec , peak flows also in- 
crease but to a lesser degree The theoretical 
blood flow “debt” (control blood flow multi- 
plied by the duration of occlusion) is usually 
greatly overpaid. Reactive hyperemia m skel- 
etal muscle vascular beds shows these same 
characteristics except the blood flow “debt” is 
variably under or overpaid (see p 3-221) Cor- 
onary vasodilator agents do not consistently 
affect myocardial reactive hyperemia while Pi- 
tressm usually decreases the response 

The contracting myocardium cannot with- 
stand as long periods of arterial occlusion and 
oxygen deficit as resting skeletal muscle, and 
repays its oxygen “debt” with an increased 
blood flow but a decreased AV oxygen differ- 
ence 

DETERMINANTS OF CORONARY FLOW 

Consideration of the mechanisms that control 
the blood supply to the myocardium involves 
certain difficulties not encountered in similar 
investigations m other organs of the body The 
myocardial wall of the left ventricle not only 
furnishes the pressure head for driving blood 
into the coronary arteries but also may either 
offer phasic resistance to coronary flow or ac- 
tually aid flow by its muscular contraction 
around the coronary vascular bed Similarly, 
the right ventricle rapidly changes resistance to 
right coronary flow at the same time that left 
ventricular contraction presents blood to it 
under a pulsatile head of pressure However, 
coronary flow is related to the pressure differ- 
ence (effective pressure) between the central 
coronary artery (identical to aortic pressure) 
and the right atrium divided by the sum of the 
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Fig 3 125 Myocardial response to anoxia Tracings redrawn from original experiment (Coffman and Gregg 1960) 


VISCOUS resistances to flow in the epicardial por- 
tion of the artery and in the peripheral coro- 
nary bed Viscous resistance to flow (aside from 
change in hematocrit) is mainly governed by 
the mean caliber of the coronaiy vascular bed 
The mean coronary diameter and, hence, flow 
are controlled by the effective intravessel pres- 
sure and by two peripheral mechanisms, i e , 
active changes in the state of the small mass of 
intravascular smooth muscle built into the coro- 
nary vessels, and the mechanical or passive ef- 
fect on flow exerted during ventricular systole 
by the large muscle mass around the coronary 
vessels The peripheral mechanisms are re- 
garded as more important m controlling coro- 
nary flow than the central coronary or aortic 
pressure which does not change greatly even in 
exercise It is estimated that doubling the aortic 
pressure might double the coronary flow, but 


doubling the average radius of the coronary bed 
might increase coronary flow about 16 times 
Insight into the complexity of the integrating 
action of these three flow determinants has 
been obtained from recording of the peripheral 
coronary pressure and the phasic, or moment- 
to-moment changes, in coronary inflow and 
outflow in the epicardial arteries and veins 
(Fig 3 126) At the onset of isometric contrac- 
tion of the left ventricle, there is an abrupt de- 
crease in left coronary inflow (solid line) or 
even the appearance of backflow With the rise 
m aortic pressure, forward flow increases ini- 
tially and rapidly, only to decrease to a new 
intermediate level m late systole With the 
onset of isometric relaxation, coronary flow in- 
creases significantly, peaking at early diastole 
and then declining progressively The velocity 
of coronary inflow differs somewhat from the 
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Fig 3 126 Series of curves relating phasic variations in left and right coronary inflow and coronary sinus-anterior 
cardiac vein outflow to aortic pressure ventricular pressure and peripheral coronary pressure Coronary inflow {solid 
lines) and anterior coronary vein flow obtained with orifice meter coronary sinus flow with pitot tube Broken lines es- 
timated intramural velocity curves (Gregg 1959) 


estimated mtramyocardial flow (dotted line) 
The deficit during isometric contraction is 
caused by the compressing action of the my- 
ocardium on the coronary capillaries, forcing 
blood into the superficial vessels Early in the 
period of ejection, the flow excess is caused by 
the uptake of blood in the superficial coronary 
arteries, in diastole, the excess is caused by the 
uptake of blood to fill the previously com- 
pressed capillaries These demarcations of flow 
are much less obvious in the right coronary in- 
flow pattern, which roughly resembles the pre- 
vailing aortic pressure curve. Thus, blood is 
flowing through the myocardium throughout 
the cardiac cycle, except possibly for a brief 
period m early systole in the left coronary ar- 
tery In the left coronary artery, the systolic 
rate of flow is less than that during diastole, in 
the right coronary artery, the systolic rate 
equals or exceeds the diastolic In contrast to 
the left coronary inflow pattern, the flow curves 
m the coronary sinus and anterior cardiac veins 
rise and fall smoothly, with most flow occurring 


during systole and very little during diastole In 
unanesthetized dogs, using electromagnetic 
flowmeters, data have been obtained clarifying 
left coronary blood flow during systole and 
diastole In the resting dog, left coronary inflow 
during systole was 15 to 60% of diastolic inflow 
Under stress conditions (during excitement, 
chronic cardiac sympathetic nerve stimulation, 
or irreversible hemorrhagic shock), both the 
systolic and diastolic flow per heart beat in- 
creased by 300 to 400%, the ratio between them 
remaining the same, approaching unity, or 
even reversing, so that systolic flow surpassed 
diastolic flow Thus the strong contractions of 
the left ventricle, although impeding coronary 
flow, permit a large, but variable, systolic flow 
The preceding account indicates that the 
coronary bed has a fluctuating resistance to 
coronary flow For the left coronary artery, the 
peripheral intracoronary pressure values at the 
height of systole and the low point of diastole 
approximate 80 and 20 mm Hg, respectively, 
and inflow is cut off at these pressure levels 
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when the left coronary artery is perfused under 
constant pressure In the right coronary artery, 
the contour and time relations of the peripheral 
coronary pressure curve are similar, but the 
values for systole and diastole and for the cutoff 
of flow are considerably lower 

Elevation of right atrial pressure must in- 
crease coronary venous pressure and decrease 
the flow of blood in the coronary arteries pro- 
vided no compensatory change occurs How- 
ever, mild elevation of the pressure m the coro- 
nary veins draining the left coronary artery, by 
coronary sinus constriction, may decrease coro- 
nary flow and increase coronary arteriovenous 
oxygen difference only slightly Even marked 
constriction, or clamping, of the coronary sinus 
may cause only moderate reduction in arterial 
pressure and left coronary flow The smallness 
of the effect on coronary flow, despite elevation 
at times of the coronary venous pressure to near 
aortic systolic level, is presumably caused by 
the compensatory increased functioning of col- 
lateral venous communications with the ante- 
rior cardiac veins, m which flow increases con- 
siderably Similarly, right coronary inflow is 
not greatly reduced by clamping most of the 
anterior cardiac veins, presumably for the same 
reason 

The relation of coronary perfusion pressure to 
coronary flow (P/CF) is generally such that the 
calculated coronary resistance decreases as the 
coronary flow rises This holds for almost any 
dynamic state of the coronary system (excised 
fibrillating or beating heart, heart in situ) and 
also for the pulmonary artery and certain pe- 
ripheral vascular beds In the heart, it is im- 
possible to say what fraction of flow change is 
caused by passive dilation from the perfusion 
pressure per se, since oxygen consumption per 
minute and per heart beat is elevated without 
any other observable systemic dynamic change 
Accordingly, if a physiological variable alters 
coronary pressure and flow by about the same 
amount and hence the ratio is unaltered, it is 
impossible to know whether the change m coro- 
nary flow IS due to a change in effective head of 
pressure alone or whether the variable directly 
affected resistance However, a gross change in 
the vasomotor state of the bed occurs when cor- 
onary flow changes considerably with a con- 
stant pressure, or when flow and pressure 
change considerably in opposite directions. 

Separation and quantitation of the determi- 
nants of coronary flow lymg within the my- 


ocardial wall, 1 e , the intravascular and extra 
vascular muscle, are of extreme importance To 
do this, continuous measurements are made m 
the open-chest dog while the left coronary ar 
tery is perfused with blood under a constant 
pressure, first it is done in the beating heart 
and then during ventricular asystole induced by 
vagal stimulation or by disconnecting an ex 
ternal pacemaker which drives the ventricles, 
the latter manifesting complete atrioventricular 
heart block which had been surgically produced 
earlier By either means, the mechanical effects 
of ventricular contraction are largely removed 
Figure 3 127 illustrates that induction of ven 
tricular asystole by vagal stimulation always 
increases immediately (within 1 second) left 
and right coronary inflow, in this instance from 
56 to 78 and from 9 to 11 ml /mm , respec 
tively Thus, ventricular contraction acts to 
impede coronary flow through the ventricular 
wall The extent of the rise of flow is taken to 
represent the magnitude of the mechanical or 
passive factors limiting coronary flow The 
magnitude of this mechanical throttling effect 
on coronary flow during systole normally varies 
from 31 to 300% and averages about 50% The 
new flow level represents that state of coronary 
dilation related to the condition of the intrinsic 
smooth muscle of the coronary vessels at the 
prevailing coronary pressure The relative con 
tribution of extravascular and intravascular re 



Fig 3 127 Response of left and right coronary flow 
to vagal induced asystole Note the prompt increase with 
the induction of asystole Time lines are 1 sec apart 
(Sabiston and Gregg 1957) 
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sistance to an increase of coronary flow has 
been tested under the different conditions of 
increasing heart rate, decreased arterial blood 
oxygen saturation, aortic constriction transfu- 
sion and drug injections In all instances, the 
major portion of a flow increase is through ac- 
tive dilation and not through reduction in ex- 
travascular resistance The largest reduction 
(40%) in extravascular resistance came from a 
decrease in arterial oxygen saturation 

DETERMINANTS OF NORMAL CARDIAC 
METABOLISM 

Metabolic Patterns m the Heart. The 
ability of the heart to do work depends basi- 
cally on its biochemical activity leading to mus- 
cular contraction Cardiac muscle has been 
found to have basic chemical patterns similar to 
those of skeletal muscle The catabolism of fat, 
carbohydrate and protein produces free energy, 
about half of which is dissipated as heat and 
half is captured as phosphate bond energy 
which is used for muscle cell work and for var- 
ious anabolic activities such as synthesis of gly- 
cogen, lipids, proteins and enzymes These cat- 
abolic and anabolic reactions proceed simulta- 
neously under the influence of a complex 
system of enzymes, coenzymes (from the vi- 
tamin B complex), and hormones 

Coronary sinus catheterization studies in 
man and dog have indicated that the heart is 
able to choose its fuel from a variety of food- 
stuffs These include mainly glucose, lactate, 
pyruvate, esterified and nonesterified fatty 
acids and, to a lesser extent, acetate, ketone 
bodies, and ammo acids To determine their 
quantitative contribution to the energy produc- 
tion of the heart, i e , its oxygen consumption, 
measurements have been made of their cardiac 
extraction (coronary artery-coronary sinus dif- 
ference), their total uptake [coronary flow times 
(coronary artery-coronary sinus difference of 
substance)], and the myocardial respiratory 
quotient (coronary smus-arterial carbon dioxide 
difference) divided by (coronary artery-coro- 
nary sinus oxygen difference) Excellent corre- 
lation has been demonstrated between the 
myocardial respiratory quotient and the my- 
ocardial uptake of substance The extent to 
which each substrate contributes to the energy 
requirement of the heart m vivo is influenced 
by its concentration (above threshold) in ar- 
terial blood In addition, the state of nutrition 
of the organism markedly influences the kind 
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of substrate used for energy production of the 
heart Under postprandial conditions, or after 
glucose infusion, myocardial metabolism is 
mainly glucose, lactate, and p^Tuvate, since its 
respiratory quotient approximates 0 9 with a 
high extraction of carbohydrate and a negli- 
gible uptake of ammo acids Even the substitu- 
tion of 5 to 10% oxygen for the normal 21% in 
the mspirated air does little to change carbohy- 
drate uptake by the normal heart During over- 
night lasting, the heart derives much of its en- 
ergy from fat, as indicated by a myocardial res- 
piratory quotient of 0 8 with a low extraction 
and uptake of carbohydrate (see sect 3, chap 
2, p 3-39) With prolonged fasting, the extrac- 
tion coefficient for carbohydrate practically dis- 
appears, those for fatty acids and ketones are 
maximal, and the respiratory quotient is 0 7 
With regard to the uptake of oxygen, the coro- 
nary A-V O 2 differences m man vary linearly 
with the arterial oxygen content through a 
range from mild anemia to marked polycy- 
themia, so that the myocardial extraction coef- 
ficient (AV)/(A) is constant 

Determinants of O 2 Usage of the Myocar- 
dium. Estimation of the metabolism of the 
myocardium m the absence of a heart beat, 
that IS, during prolonged diastole, has been 
made in the vagal arrested heart as previously 
described under determinants of coronary flow 
Tht oxygen saturation of the arterial blood and 
coronary sinus blood is also measured continu- 
ously This permits left coronary arteriovenous 
oxygen differences as well as coronary inflow to 
be measured continuously first m the beating 
heart and then m the stopped heart until a new 
equilibrium is established, usually within 20 to 
25 sec 

Typical results are shown m Figure 3 128 As 
coronary inflow rises immediately with asystole 
from 70 to 90 ml /min , the oxygen saturation 
of blood in the coronary sinus also rises from a 
low control value of 44% to a very high value of 
81%, thus greatly reducing the coronary arterio- 
venous oxygen difference The O 2 usage at rest 
is 35% of that in the beating heart Calculations 
in many experiments show that as the result of 
the combination of increased coronary flow and 
decreased coronary arteriovenous oxygen differ- 
ence, the average oxygen usage per 100 g of 
left ventricle/min decreases from the average 
control level of 8 1 in the beating heart to 2 3 
ml m the resting heart Individual values for 
the resting heart range from 1 0 to 4 0 ml This 
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Fig 3 128 Reproduction of tracing from original record showing changes in left coronary inflow and coronary sinus 
oxygen saturation during prolonged ventricular asystole (Gregg 1955) 


oxygen consumption in diastole is about one- 
third that in systole for an equivalent time pe- 
riod 

Patterns of Response of the 
Coronary Circulation 
The preceding gives some idea of the frac- 
tionation of the control of coronary flow and 
oxygen uptake within the myocardium during a 
cardiac cycle There are certain general pat- 
terns of hemodynamic responses of the heart 
and coronary circulation which follow primary 
changes in stress The information has been 
obtained from both humans and animals and 
has been assembled from many laboratories 
(Table 3 15) 

METABOLITES 

The coronary flow is greatly increased and 
the coronary arteriovenous oxygen difference 
decreased by some chemical constituents of the 
blood, while others produce no response or a 
decrease in coronary flow, in any case there is 
httle or no change in systemic dynamics (blood 
pressure, cardiac work, heart rate) or my- 


ocardial oxygen consumption The coronary 
response to carbon dioxide and decreased pH is 
minimal, intracoronary injection of some inter- 
mediate metabolites will increase coronary flow 
and decrease oxygen extraction Although it has 
not been possible to demonstrate in the coro- 
nary sinus blood substances which would in- 
crease coronary blood flow, such metabolites 
could be metabolized or degraded rapidly and 
not be recoverable in venous blood Adenosine 
and adenine nucleotides are very active coro- 
nary vasodilators Although they are not found 
m coronary sinus blood, their derivatives, ino- 
sine and hypoxanthine, appear in measurable 
quantities during periods of myocardial hy- 
poxia If adenosine is added to coronary ar- 
terial blood, only inosine and hypoxanthine are 
recoverable in the coronary sinus blood Thus it 
is possible that some metabolites may induce 
the vasodilation seen in myocardial hypoxia 
and yet not be recoverable m the coronary 
sinus blood 

Autoregulation. As in other vascular beds, 
the coronary system tends to minimize the ef- 
fects of alterations in perfusion pressure by 
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Circulatory responses to stress states 






Coronary 



Condition 

Cardiac 

Cardiac 

Coronary 

Pressure 

Oxvgen 

Coronary 

Work 

Output 

Flou 

Coronary 

Usage 

AV O2 





Flow 



-^Blood blood pH“ 







Ischemia, mild anemia and anoxia, 
metabolites 

— > 






Heart rate, /^cardiac output (transfusion) 
^Cardiac Work 







Aortic coarctation (mild),^ thyrotoxicosis 

Cardiac sympathetic nerves, epinephrine and 
norepinephrine 1 v 

Severe anemia^ and anoxia^ 







Hypothermia, shock (hemorrhagic) 

Heart failure (extreme)^ 

N 






Aortic coarctation (complete) 

N 






Hypertensive cardiovascular disease 








“ Arrows merely indicate direction of response, not magnitude, i e , — ^no change, increase or N decrease 

^ Cardiac output— >or 
Coronary AV 0 j'N 
^ Coronary AV 0 2 ^ 


appropriate changes in resistance As illustrated 
in Figure 3 129, when the coronary perfusion 
pressure is increased or decreased, flow at first 
follows suit, but then resistance changes and 
flow returns toward the control level (see auto- 
regulation (pp 3-6 and 3-164) 

TACHYCARDIA 

When the heart rate is increased considerably 
by electrical stimulation of the myocardium, 
aortic blood pressure, and minute cardiac 
output and work increase while the stroke 
volume and stroke work decrease Simultane- 
ously, minute coronary flow and oxygen usage 
increase, coronary resistance decreases, oxygen 
extraction is unchanged but the coronary flow 
and oxygen consumption per beat decrease 
Since acceleration of the heart means propor- 
tionally greater time per beat and per minute 
m systole than in diastole and since m systole 
coronary flow is less than in diastole, it would 
be anticipated that increased heart rate per se 
should reduce coronary flow Since it does not, 
it must be that increased flow is due to arteri- 
olar dilation from the increased metabolic ac- 


tivity The same trend of flow and oxygen 
usage per beat and per minute also occurs at 
the faster heart rate when minute cardiac work 
IS held constant or when comparisons are made 
at the same stroke work This means that car- 
diac acceleration can augment the energy me- 
tabolism of the myocardium without manifesta- 
tions of the extra energy as work 

TRANSFUSION 

Augmentation of ventricular load by in- 
creasing venous return and hence circulating 
blood volume through infusion has a clinical 
counterpart in the load placed upon the human 
heart by transfusion or by an aortacaval fistula 
The increasing coronary flow is partially ex- 
plainable on a mechanical basis, since the 
slowing of the heart, which occurs under these 
circumstances, should increase coronary flow 
per beat and per minute by increasing diastolic 
time in which flow is greater However, active 
dilation presumably results from the increasing 
local chemometabolic activity associated with 
the increased cardiac work The coronary flow 
and oxygen are used economically, for the ratio 



3-138 C B K C u L ^ 1 0 O 


Section 3 



Coronary Perfusion Pressure -mm Hg 

Fig 3 129 Pressure flow relationships in the coro- 
nary vascular bed The control level of coronary perfusion 
pressure and flow is at the point where the two lines 
cross Abrupt changes in perfusion pressure changed 
flow immediately to new levels {closed circles) which re- 
turned toward the control level (open circle) before be- 
coming fixed at a new steady state (autoregulation of 
blood flow) (Redrawn from Berne and Levy 1 967 ) 

of cardiac work to oxygen consumption in- 
creases 

AORTIC COARCTATION 

With simulation of clinical coarctation by 
acute mechanical constriction (moderate) of the 
thoracic aorta just beyond the left subclavian 
artery, venous return to the heart by way of the 
inferior vena cava is decreased, but compensa- 
tory flow through various branches of the aortic 
arch may increase, so that cardiac output is 
maintained at the same level while the left ven- 
tricular workload is elevated With greater 
aortic constriction, the net cardiac output de- 
creases, causing the cardiac work to decrease 
In either case the coronary dilation and in- 
crease flow arise in large part from active 
changes in the bore of the coronary bed related 
to the metabolic demands and in part passively 
from the increased blood pressure and moder- 
ately decreased heart rate The cardiac oxygen 
consumption is increased much more by this 
augmentation of pressure work than with an 
equal increase of volume work following trans- 
fusion No chronic studies of aortic coarctation 
have been made, because, owing to develop- 
ment of collateral circuits, the aorta may be 
first partially and then completely constricted 
at the arch without permanent development of 
hypertension proximal to the occlusion In 
human coarctation not much change has been 
reported m coronary flow and oxygen uptake 


per unit of muscle, but this might be expected 
because systemic pressure was only mildly ele 
vated However, if true, the difference from the 
animal experiments might be explained by the 
fact that in these hearts, which are hypertro 
phied, there are fewer capillaries per unit of 
muscle to carry the oxygen and flow 

HORMONES 

Thyroid The myocardium participates in 
the increase in oxygen consumption character 
istic of all body tissues m thyrotoxicosis This 
hypermetabolism is accompanied by an in 
crease in coronary blood flow, a decrease in 
coronary vascular resistance, and an increase in 
oxygen consumption per minute and per beat 
Since there is an increase in oxygen usage per 
beat, cardiac oxygen utilization is presumably 
related not only to the increase m heart rate 
but to the general hypermetabolism of the my- 
ocardium as well 

Epinephrine and Norepinephrine. The 
response of the systemic and coronary circula 
tion to intracoronary artery injection of a min- 
imal amount of epinephrine is similar to that 
indicated for stellate stimulation (see “Nervous 
Influences”) Probably the coronary changes 
can be similarly explained With doses of 
0 0002 mg or less, coronary flow may increase 
without any change in blood pressure or heart 
rate and with an increased coronary arteriove- 
nous oxygen difference With the same or 
larger doses, as the systemic effects of the sub- 
stance (increased aortic blood pressure, cardiac 
output, and changing heart rate) become evi- 
dent, the coronary effects are exaggerated In 
those instances in which it has been tested, 
norepinephrine affects the coronary circulation 
similarly The circulatory responses to cigarette 
smoking or nicotine (i e , increased heart rate, 
systemic blood pressure, cardiac output, cardiac 
work, left coronary blood flow, and decreased 
coronary vascular resistance), parallel those 
with epinephrine or norepinephrine injection 
and are presumably related to the release of 
norepinephrine However myocardial oxygen 
consumption may increase, decrease or remain 
unchanged 

Acetylcholine. This hormone, when infused 
into a coronary artery, increases coronary blood 
flow in the anesthetized dog If the dose is 
properly chosen, this response in the beating 
heart occurs without a significant change m 
blood pressure, heart rate, cardiac output, or 
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cardiac work, myocardial oxygen consumption 
per beat and per minute have been shown to 
increase However, when the hormone is fused 
intravenously into dogs with a constant heart 
rate and peripheral resistance, a decrease in 
myocardial oxygen consumption and ventric- 
ular contractility accompany the increased cor- 
onary blood flow The oxygen consumption of 
the myocardium for a given amount of cardiac 
work IS not changed Although mechanical fac- 
tors have been excluded, whether the effect of 
acetylcholine on coronary blood flow is directly 
on the intrinsic smooth muscle of coronary ves- 
sels or IS induced through metabolic changes of 
the heart cannot be determined from the exper- 
imental data 

Pitressm and Angiotensin, Of the hor- 
mones used clinically, pitressm and angiotensin 
increase coronary resistance to flow Coronary 
flow decreases during pitressm infusion, the 
reduction occurring throughout the cardiac 
cycle in the presence of an increased central 
coronary pressure There is a decrease m my- 
ocardial oxygen consumption and contractility, 
and m stroke work Although a reduced meta- 
bolic influence is presumably the cause of the 
decrease m coronary blood flow, a direct effect 
on the coronary vascular bed has not been ruled 
out Angiotensin produces an increase in coro- 
nary vascular resistance, its mode of action is 
unknown An initial cardiac depression is fol- 
lowed by a positive inotropic effect Blood pres- 
sure and cardiac work are increased 

NEURAL INFLUENCES 

Experimentally, vagal stimulation causes 
parasympathetic coronary vasodilatation inde- 
pendent of the chronotropic and inotropic ac- 
tions of the vagus (Feigl, 1969) The extent to 
which parasympathetic vasodilatation contrib- 
utes to coronary artery regulation has not been 
determined Stimulation of the cardiac fibeis 
from a stellate ganglion in the anesthetized dog 
mcreases mean left coronary flow as the result 
of a decrease in systolic flow and a large in- 
crease in diastolic flow This is m contrast to 
the unanesthetized dog where the ratio of sys- 
tolic to diastolic flow is variable Concurrently, 
left ventricular metabolism, cardiac output, 
and cardiac work increase while the systolic 
and diastolic sizes of the heart decrease The 
decreased ratio of pressure to flow indicates an 
increased mean coronary bore The major part 
of the dilation is explained by active changes in 
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the coronary bed resulting from the release of 
an epmephrine-like substance (presumabl> nor- 
epinephrine) which directly enhances my- 
ocardial metabolism 

Experimental evidence has been accumulated 
that alpha and beta adrenergic receptors are 
present in the coronary vascular bed Norepi- 
nephrine, which presumably acts only on alpha 
receptors, and epinephrine, which acts on alpha 
and beta receptors, produce a relaxation of hel- 
ical strips of coronary vessels (200 to 500 p. m 
diameter), this relaxation can be prevented by 
beta adrenergic blockers (Zuberbuhler and 
Bohr, 1964) Also the decrease in coronary vas- 
cular resistance induced by mtracoronary infu- 
sion of isoproterenol m the potassium arrested 
heart can be blocked with beta adrenergic 
blocking agents {Klocke and associates, 1964) 

There is evidence that the alpha receptors 
mediate vasoconstriction, but the physiological 
importance of this has not been established 
(Huche, 1967) 

Carotid sinus (q v ) reflex sympathetic con- 
trol of the coronary circulation has been dem- 
onstrated (Feigl, 1968) and in the cat stimula- 
tion of sympathetic C fibers causes coronary 
vasodilatation (Brown, 1968) 

ANEMIA 

The coronary system participates actively in 
the circulatory adjustments to anemia For 
hemoglobin values of 10 g or more, the sys- 
temic circulation is essentially unaltered, and 
the compensation of the coronary system to the 
decreased oxygen -carrying capacity is similar to 
that with hypoxia, i e , an increased coronary 
flow without change in oxygen uptake When 
the hemoglobin values reach 6 to 8 g , the re- 
sponse of the systemic circulation is manifested 
by tachycardia, increased cardiac output, car- 
diac work, and a fall in peripheral resistance 
The coronary flow may now triple, coronary 
venous blood may contain less than 2 volumes 
% oxygen, the coronary arteriovenous oxygen 
difference may be 4 ml or less, and oxygen 
uptake IS considerably increased The increase 
in coronary flow is related in psirt to the de- 
creased blood viscosity and in larger part to the 
active dilation associated with myocardial hy- 
poxia, which arises from the low hematocrit 
and from the increased metabolism Ulti- 
mately, myocardial failure will occur m severe 
anemia when the coronary vessels have ap- 
proached maximal dilation and cannot further 
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compensate for the decreased oxygen-carrying 
capacity of the blood either by increased flow 
or by increased oxygen extraction In the pres- 
ence of coronary stenosis associated with ane- 
mia, the effect of coronary arteriolar dilation m 
increasing coronary flow is minimized by the 
high fixed resistance of the stenotic artery, and 
myocardial depression and failure occur at 
lesser degrees of anemia 

VALVULAR LESIONS 

Acute elevation of right ventricular pressure 
by pulmonary artery constriction initially de- 
creases right coronary flow, to be followed 
quickly by a sustained increase in systolic, dia- 
stolic, and mean flow in the right coronary ar- 
tery and, to some extent, in the left coronary 
artery Upon release, right coronary flow tem- 
porarily increases still further During the sus- 
tained response, the systemic blood pressure 
can be fairly well maintained At the same time 
both the right ventricular work and metabolism 
increase, the former arising from the increased 
pulmonary artery pressure and cardiac output, 
the latter indicated by the increased right coro- 
nary flow and greater oxygen extraction from 
the coronary blood The coronary response to 
elevation of left ventricular pressure by aortic 
constriction central to the coronary ostia is sim- 
ilar to that with pulmonary artery stenosis In 
both instances, the sustained flow increase in- 
dicates a dominant influence of active coronary 
dilation over the increased mechanical flow- 
inhibiting effect of increasing extravascular 
compression which earlier was dominant How- 
ever, in dogs with congenital subaortic stenosis, 
reduced coronary flows have been recorded 
(Pyle, Patterson, and Gregg, unpublished) In 
such instances the flow- inhibiting effect of ex- 
travascular compression is probably not com- 
pensated for by arteriolar dilatation This 
would account for the evidences of myocardial 
anoxia (myocardial necrosis and fibrosis, scle- 
rosis of intramyocardial arteries, sudden death) 
in such hearts 

HEART FAILURE 

The heart shares with other types of muscle 
the characteristic that an optimum exists be- 
yond which further stretching reduces the force 
of contraction and leads to myocardial failure 
In acute heart failure with progressive deterio- 
ration of the myocardium from pulmonary ar- 


tery stenosis, the changes m coronary flow and 
oxygen usage per minute and per beat may be 
in the same direction as those described for the 
right myocardium during pulmonary artery 
constriction, but of lessor magnitude If the 
heart failure is severe enough, extravascular 
compression can become dominant over any 
active coronaiy dilation from metabolic proc 
esses, and coronary flow and oxygen usage may 
be normal or decrease, with the oxygen extrac 
tion at times reaching 90% The coronary circu 
lation in the heart failing with severe aortic 
stenosis undergoes similar changes When acute 
heart failure and chronic congestive failure 
simulating the human condition are induced by 
surgical complete heart block, changes in left 
coronary flow and ventricular oxygen consump- 
tion rather closely parallel alterations in the 
reduced left ventricular work In chronic left 
heart failure due to rheumatic, arteriosclerotic, 
and hypertensive heart disease, the coronary 
circulation apparently responds by a slight in 
crease m oxygen usage through maintenance of 
the left coronary flow and increased coronary 
arteriovenous oxygen difference The increased 
oxygen usage corresponds with that indicated 
above for the right heart in one stage of failure 
Such hearts have considerable difficulty m 
transforming released energy into realizable 
work Studies of the coronary circulation in 
high-output failure from excessive transfusion 
or a chronic aortacaval fistula are not available 

HYPOTHERMIA 

Hypothermia is often used during open heart 
surgery The associated changes that occur 
which tend to reduce the coronary flow are a 
diminution in blood and muscle temperatures, 
cardiac output, heart rate, cardiac work, and 
oxygen usage by the heart, and an increased 
blood viscosity, and a greatly lengthened period 
of ventricular systole Opposing these factors 
are the relaxation of the major coronary vessels, 
which IS known to occur with hypothermia, and 
dilation of the coronary bed caused by the hy- 
potension per se As a result of these determi- 
nants, coronary flow is decreased at low tem- 
perature However, the percentage of reduction 
IS greater in cardiac output than m coronary 
flow, which results in an increase in the coro- 
nary fraction of cardiac output at temperatures 
of 25° to 26° C There may be a decrease, an 
increase, or no change m peripheral resistance 
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m the coronary bed, whereas in the systemic 
bed an increase m peripheral resistance occurs 
Myocardial function appears to be adequate 
However, many hearts are apparently not too 
far from failure, because if total venous inflow 
occlusion (which decreases coronary flow close 
to zero) IS now added to permit open cardi- 
otomy, myocardial failure supervenes, as evi- 
denced by elevation in mean right atrial pres- 
sure and postmortem findings This trend can 
be reversed by perfusion of the coronary system 
with small volumes of oxygenated blood 

SHOCK 

Standardized oligemic shock in dogs is char- 
acterized during the hypotensive phase by a 
decrease in cardiac output, systemic blood pres- 
sure, cardiac work, stroke volume, stroke work, 
and by an increase in heart rate and an ade- 
quate central venous pressure Coronary flow 
and coronary resistance are greatly decreased 
Coronary flow is generally greater and the re- 
sistance generally less than can be accounted 
for by a simple decline m arterial blood pres- 
sure At the same time, the oxygen uptake de- 
creases, and the coronary arteriovenous oxygen 
difference is generally unchanged (The coro- 
nary response to sustained hypotension through 
spinal anesthesia or injection of procaine and 
Etamon is similar ) With restoration to normal 
systemic blood pressure by remfusion (intra- 
arterial and intravenous routes are equally ef- 
fective), coronary flow is greater and flow re- 
sistance IS less than at an equivalent arterial 
blood pressure in the preshock state, and the 
augmented flow is maintained even if circula- 
tory failure subsequently intervenes 

The fact that early in the hypotensive phase 
ventricular end-diastolic pressure does not rise 
indicates that the functional capacity of the 
heart is adequate for the work performed At 
times after prolonged hypotension there may be 
evident cardiac dilation and elevated left and 
right atrial pressures, with the heart eventually 
proceeding to ventricular fibrillation or stand- 
still, suggesting that myocardial depression or 
failure is partially responsible for the hemor- 
rhagic shock syndrome Gross and microscopic 
evidence of myocardial injury appears in both 
reversible and irreversible shock Such my- 
ocardial depression could be caused by an in- 
sufficient coronary flow during either the hypo- 
tensive or the restoration periods The high 


coronary flow during the restoration period 
would seem to preclude an insufficient coronary 
flow during this phase as an adequate explana- 
tion During the hypotensive period, the actual 
coronary flow is greatly curtailed The problem 
is whether the associated sizable reduction in 
coronary resistance is sufficient to permit 
enough blood to reach the myocardium to pre- 
vent it from failing In some instances, at least, 
this loss of myocardial contractility is conse- 
quent upon an insufficient coronary flow, since 
the relation of atrial pressure to cardiac size 
can be reversed by increasing mildly with a 
pump left coronary flow without change in ei- 
ther the hypotension or blood volume 

HYPERTENSIVE CARDIOVASCULAR 
DISEASE 

An exception to the general picture of coro- 
nary compensation to increased systemic stress 
appears to be the response of the chronically 
hypertensive heart In essential hypertension 
with a normal cardiac output and elevated sys- 
temic blood pressure, the coronary flow and 
oxygen consumption per 100 g of ventricular 
muscle are unaltered while coronary resistance 
increases This increased resistance is also 
present in the renal and cerebral circulations 
Since these hearts are generally hypertrophied, 
total coronary flow and oxygen usage are in- 
creased This deviation (increased cardiac work 
with little change in coronary flow and oxygen 
usage per 100 g of ventricular muscle) is ex- 
plainable if it is assumed that such hearts with 
known coronary artery disease have an in- 
creased amount of perfused fibrotic tissue 

EXERCISE 

Direct measurements of coronary flow have 
been made m normal unanesthetized dogs by 
applying chronically an appropriate electromag- 
netic flow meter (a somewhat modified Kohn 
type) directly to the circumflex branch of the 
left coronary artery Illustrated m Figure 3 130 
are the changes in phasic and mean coronary 
flow. First, the dog stood on a treadmill, then 
ran for 3 mm at 12 miles/hr at a 5% grade, 
and finally, stood at rest Although not meas- 
ured, the blood pressure and cardiac output 
obviously rose in this dog as they have in other 
dogs A pulse pressure pattern has been 
sketched m for orientation purposes The con- 
trol flow is 46 ml /min , with most of this oc- 
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Fig 3 130 Response of the unanesthetized intact dog to exercise Curves are redrawn from the original experi 
ment Phasic flow curves obtained with an electromagnetic flow meter monitoring an internal mammary-circumflex 
coronary anastomotic shunt Upper curve aortic pressure Lower curve phasic circumflex coronary flow (D E Gregg 
unpublished data) 


cumng during diastole Within 15 to 20 sec 
after the onset of exercise, the changes in the 
coronary flow response are complete and do not 
change further during the 3-mm period of ex- 
ercise The changes include an increase in heart 
rate from 80 to 2 20/m in , a reduction in dura- 
tion of both systole and diastole per beat and 
an increase m mean flow from 46 to 111 
ml /min Calculation shows that the flow per 
heart beat is mildly decreased, and, hence, the 
mean flow increase is entirely on the basis of 
the increase in heart rate Within 5 sec after 
sudden stoppage of the treadmill, the patterns 
and flow have started to revert toward normal, 
the return to normal is completed within about 
7 mm The last record was taken so that a 
comparison could be made between the max- 
imum diastolic rate of flow during exercise and 
that during reactive hyperemia It was taken 
shortly after the 7 -min recovery period and 
immediately following a 5-sec occlusion by a 
pneumatic cuff of the coronary artery in which 
flow was being measured Despite the slower 
heart rate, maximum diastolic flow during re- 
active hyperemia is about the same as that 
during exercise 

In other experiments, left coronary artery 
flow (electromagnetic flowmeter), cardiac 


output (a second flowmeter probe on the aorta), 
blood pressure (from a catheter m the aorta), 
and coronary sinus oxygen (from a catheter in 
the coronary sinus) have been monitored In 
mild to moderate exercise with little change m 
stroke cardiac output, with doubling of the 
heart rate, and with a mild blood pressure rise, 
coronary blood flow and myocardial oxygen 
usage per heart beat increased slightly, re- 
mained the same, or even decreased During 
induced excitement of the dog or stimulation of 
the cardiac sympathetic nerves, there was a 
massive dilation of the left coronary vascular 
bed, an increased heart rate with a greatly in- 
creased myocardial flow and oxygen usage per 
heart beat occurred Thus the coronary flow 
response to mild to moderate exercise is not 
similar to sympathetic stimulation of the heart 
m that stroke coronary flow and stroke oxygen 
usage are not always increased in the former 
The exercise response does resemble the effects 
resulting from a mechanical increase m heart 
rate by means of an artificial pacemaker (see 
also p 3-220) 

SUMMARY 

From the preceding discussion, it is apparent 
that when the primary change is an increase in 
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cardiac work and cardiac oxygen usage, concur- 
rently, the coronary flow increases while coro- 
nary vascular resistance decreases In situations 
where the cardiac work and oxygen consump- 
tion decrease, so does the coronary inflow An 
exception to this general picture of coronary 
compensation to changing stress is that of com- 
plete aortic coarctation which may be charac- 
terized by a reduction m the output and work 
of the heart but an increased left coronary flow 
and oxygen usage A second exception is that of 
chronic hypertension in which the cardiac work 
is increased, but cardiac output, oxygen usage 
and left coronary flow are unaltered while coro- 
nary resistance to flow increases Thus, m most 
instances, coronary flow follows a primary 
change in cardiac stress However, coronary 
flow correlates best with oxygen usage This 
relationship is understandable since the oxygen 
consumption is derived from the product of the 
coronary flow and the coronary arteriovenous 
oxygen difference 

Coronary Artery Collateral 
Circulation 

The state of the human heart m the presence 
of naturally occurring coronary insufficiency or 
occlusion, or the state of the dog’s heart m 
which coronary insufficiency has been experi- 
mentally induced, can be improved by augmen- 
tation of the naturally occurring coronary artery 
collateral circulation (by retrograde perfusion of 
the ischemic coronary bed with arterial blood) 
or by elevation of the ventricular fibrillation 
threshold In addition, m man, positive and 
subjective benefit from drugs or surgical proce- 
dures could arise through psychogenic effects 
which are not necessarily related to the heart 

The measurement which is most important, 
least subject to error, and which has yielded 
most information, is that of the collateral flow 
This IS determined by collecting the volume of 
blood that flows externally from a tube inserted 
into the peripheral end of an occluded coronary 
artery (retrograde flow) This is done acutely in 
the open-chest dog before, and sometime after, 
a variable has been chronically induced to im- 
prove collateral flow This is collateral flow be- 
fore it passes through a capillary bed Collateral 
flow can also be measured after it has passed 
through a capillary bed and has appeared in the 
coronary sinus This can be done when extra- 
cardiac tissue with a vascular stalk has been 
previously placed on the heart to stimulate col- 
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lateral development The coronary sinus flow is 
measured before and after clamping the poten- 
tial extracardiac source of collateral blood Any 
difference m flow would represent that which 
has traversed the capillar> bed 

NATURAL RESPONSE OF THE CORONARY 
COLLATERAL CIRCULATION 

The natural responses of the coronary system 
during experimental coronary artery constric- 
tion and occlusion (which presumably also 
occur in the heart of man) have been studied 
extensively Within 1mm after occlusion of a 
left coronary artery branch, the mtracoronary 
pressure beyond this point drops to about 35/25 
mm Hg, the ischemic muscle lengthens during 
systole of the left ventricle and useful function 
IS lost When the peripheral end of this ligated 
coronary artery is permitted to bleed exter- 
nally, collateral arterial blood appears immedi- 
ately, averaging about 3 0 ml /min for about 
50 g of potentially mfarcted myocardium 
Probably not more than 2 4 ml of this blood 
(containing 0 5 ml of oxygen) would perfuse 
the myocardial bed if the collateral flow were 
not permitted to bleed externally This is be- 
cause of the peripheral resistance existing be- 
yond the point of occlusion This level of collat- 
eral flow and oxygen content is estimated to be 
up to 40% of that calculated as necessary to 
maintain indefinitely the viability of this my- 
ocardium (The oxygen uptake of 50 g of a 
heart with perfused coronary arteries at rest 
and doing no external work approximates 1 2 
mi as compared to the immediately available 
collateral oxygen supply of 0 5 ml ) 

Hence, it is important to try to increase 
immediately this collateral or retrograde flow 
The level of retrograde flow does not naturally 
increase and cannot be made to increase for 8 
to 10 hr by drugs or by any known physiolog- 
ical means such as increased heart rate, in- 
creased flow in the other coronary arteries or 
induction of hypoxia or hypoxemia m the other 
coronary arteries It can, however, be increased 
by passive elevation of arterial blood pressure 
(Fig 3 131) Why the collateral flow remains 
fixed, why the anastomoses function as a set of 
inert tubes, and why they do not participate in 
the vasodilatory response of the normal coro- 
nary bed IS not known It contrasts with the 
rapid development of collaterals m other vas- 
cular beds. 

This retrograde flow can be greatly reduced 
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Fig 3 131 Relation of retrograde coronary flow to 
mean arterial perfusion pressure in dogs (Kattus and 
Gregg 1959) 


by at least two conditions, namely, by excessive 
stretch of the nonischemic myocardium and by 
the presence of reactive hyperemia in the other 
coronary arterial branches One suspects that 
the reason for the decreased collateral flow m 
an occluded coronary artery branch while reac- 
tive hyperemia exists m the other coronaries is 
also the excessive stretch of the nonischemic 
myocardium Thus, the improvement that oc- 
curs m the human heart with diugs such as 
Neosynephnne in the presence of coronary in- 
sufficiency and infarction arises because of a 
good dynamic response m the non-ischemic but 
over-stretched myocardium This would in- 
crease the collateral flow by increasing the coro- 
nary perfusion pressure and by decreasing the 
size of the heart 

Most hearts with an occluded coronary artery 
branch die within a number of hours If they 
survive the first few hours, then within 12 hr, 
for some completely unknown reason, collateral 
flow starts to rise, doubling within 2 days, and 
within 3 to 4 weeks it may approximate 40 to 
100% of normal inflow into that coronary ar- 
tery At the same time, the peripheral coronary 
pressure pulse beyond the point of ligation of 
the coronary artery branch may approximate, 
in pattern and ordinate values, the aortic pres- 
sure pattern simultaneously recorded 

This IS the usual course of events In other 
cases, stresses, some known but most unknown, 


prophylactically enhance the potential collateral 
circulation without the stimulus of coronary 
insufficiency or occlusion (Table 3 16) This 
enhancement is exemplified m man by the m 
crease m the incidence of the injectable collat 
eral bed in the presence of hypertrophy, val 
vular disease, cor pulmonale, anemia, and 
probably high altitude It is exemplified m 
animals by an increase in both the injectable 
and functional collaterals in the presence of 
high altitude and transfused anemia No good 
experimental evidence exists to indicate that 
physical exercise per se augments prophylacti 
cally the collateral flow as measured in a 
normal coronary artery immediately after its 
occlusion Even with a combination of mod 
erate coronary artery constriction and exercise, 
the retrograde flow does not increase 

DRUGS vs CORONARY COLLATERAL 
FUNCTION 

Since the vascular bed beyond an occluded 
coronary artery is presumably maximally di 
lated by anoxia, it is unlikely that a drug could 
improve a heart by immediately increasing flow 
to this area Actually, the best experimental 
evidence offers no support for the belief that 
any drug penetrates the connecting collaterals 
or exerts any beneficial influence m the is 
chemic bed It has not been possible to increase 


Table 3 16 

Prophylactic augmentation of coronary artery collaterals 
by natural stimuli 



Known Stimuli 

Incidence of 
Injectable 
Collaterals 



% 

Man 

None 

9 


Hypertrophy 

26 


Valvular disease 

28 


Cor pulmonale 

73 


Anemia 

39 


Coronary constriction 

11-63 


Coronary occlusion 

90-100 


High altitude (man & 



pig) 


Pig 

Anemia 

100 


Transfused anemia 


Dog 

Mild coronary con- 

-4 


stnction and exer- 
cise 
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the flow of blood into this ischemic area within 
a short time after coronary artery occlusion, or 
to retain myocardial shortening by the use of 
drugs that are known to dilate the normal coro- 
nary bed, such as papaverine, nitroglycerine, 
epinephrine, aminophyliine, Coramine, and 
khellin In chronic experiments, cortisone and 
ACTH do not promote collateral flow or reduce 
the size of infarcts The hypothesis that coro- 
nary occlusion reflexly decreases flow m other 
nonoccluded coronary arteries is negated by the 
experimental fact that flow in nonoccluded cor- 
onary arteries generally rises with coronary ar- 
tery ligation The alleged favorable effect on 
survival of prophylactic and therapeutic drugs, 
such as papaverine and qumidine, is best ex- 
plained by their known action in raising the 
fibrillation threshold and in reducing the excit- 
ability of the myocardium 

NATURAL RESPONSE OF THE NORMAL 
BUT OVERSTRESSED PORTION OF THE 
MYOCARDIUM 

Since the collateral flow does not increase for 
some hours, any early natural compensation 
must occur, not by improvement of the circula- 
tion in the affected area, but through enhanced 
action of the normal myocardium which is not 
involved Nonfunction of involved muscle fol- 
lowing coronary artery occlusion reduces the 
total myocardial force available for raising in- 
traventricular tension The immediate conse- 
quences, which lead to a hypodynamic ventri- 
cle, are a reduction in left ventricular systolic 
pressure, aortic pulse pressure, systolic and dia- 
stolic pressures, duration of systole, stroke 
volume and stroke work In this situation, left 
coronary inflow decreases considerably because 
of the mechanical reduction in size of its pe- 
ripheral vascular bed However, within a few 
minutes, the nonischemic portion of the heart 
puts into operation compensatory mechanisms 
by means of which dynamic conditions are 
largely restored to normal, provided the non- 
ischemic myocardium is in a good responsive 
condition Briefly, as the result of the lesser 
expulsion of blood with hypodynamic beats, the 
accumulating systolic remainder added to the 
oncoming blood stretches the viable muscle 
more and raises the ventricular end diastolic 
pressure or left atrial pressure This combina- 
tion of increased pressure in and increased 
radius of the ventricular cavity causes the 
normal muscle to contract more vigorously, 
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thereby restoring normal hemodynamics In 
this situation of increased cardiac work per 
unit of functioning myocardium, coronary flow, 
arteriovenous oxygen difference, and metabo- 
lism of the left ventricle increase The increase 
m oxygen uptake is equal to, and at times can 
be much more than that lost by the deletion of 
noncontractile muscle 

However, not all hearts react as well because 
the viable portion of the myocardium ma> not 
respond to stretch, or may respond onl> tempo- 
rarily This has been most thoroughly studied 
when the coronary obstruction has been in- 
duced by intracoronary injection of micro- 
spheres This leads to acute or progressive heart 
failure associated with a profound hy^iotension 
with a decreased cardiac output, and the clin- 
ical signs and symptoms of shock The clinical 
inference that this is due to the supervention of 
peripheral circulatory failure has not received 
heavy experimental support On the contrary, 
experimental work favors the view that, in this 
situation, circulatory failure not due to severe 
irregularity of the heart beat is due, succes- 
sively, to defection of useful contractions in the 
ischemic area, a loss of contractile energy 
through expansion of the affected area, and 
failure of the still viable fractions to compen- 
sate adequately 

ATTEMPTS TO IMPROVE CORONARY 
COLLATERAL CIRCULATION 

The coronary arteries of the normal human 
heart are not ‘'end arteries,” but possess nu- 
merous collateral connections with adjacent 
vascular areas which can be increased by a va- 
riety of procedures (Gregg, 1969, Baroldi, 1969) 

The state of the heart following coronary ar- 
tery occlusion can be improved considerably by 
various physiological and surgical procedures 
The principles of the procedures used, together 
with the surgical manipulations, are shown in 
Table 3 17 These approaches include section of 
the cardiac sympathetic nerves, induction of 
myocardial hypoxia by various manipulations of 
the coronary venous system, production of 
chronic epicardial granuloma by mechanical 
and chemical means, application of extracar- 
diac tissue to the heart, internal mammary ar- 
tery ligation, sham operations, irradiation of 
the heart, coronary endarterectomy and coro- 
nary artery bypass 

Animals. In the dog the coronary arteries 
function chiefly as end arteries and collateral 
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flow IS normally negligible (Hammond et al , 
1969) Hypoxemia (e g , coronary artery occlu- 
sion) activates interarterial anastomoses, in- 
creasing the effectiveness of collateral circula- 
tion (Blum et al , 1970) 

Many of the procedures m Table 3 17 in the 
experimental animal are of positive benefit to 
the heart and give immediate or sustained pro- 
tection against subsequent ligation of a major 
coronary artery ramus This is illustrated in the 
data obtained in many laboratories (Table 3 18) 
Ligation of a major ramus of the left coronary 


artery causes about a 70% mortality within the 
first 1 to 2 hr , and chronically there is consid- 
erable infarction When partial or complete oc- 
clusion of the coronary sinus precedes coronary 
artery ligation, or when a portion of the coro- 
nary bed is perfused in retrograde fashion by 
connecting the coronary sinus to an artery, the 
immediate mortality is reduced considerably 
With the exception of section of cardiac sympa- 
thetic fibers and internal mammary artery liga- 
tion, all other procedures listed — chronic coro- 
nary venous maneuvers, application of various 


Table 3 17 

Procedures for improving coronary function (man and animal) 

Approaches Tissue 


Section cardiac sympathetic fibers 
Myocardial hypoxia 

Chronic pericardial granuloma via mechanical and 
chemical means 

Application extra cardiac tissue to the heart 

Internal mammary artery ligation 
Sham operation 

Coronary bypass and endarterectomy 


Coronary sinus constriction or ligation, aorta-coro- 
nary sinus shunt, pulmonary artery-left atrial shunt 
Talc, powdered bone, asbestos, mica, gelatin, 
sponge, silver nitrate, mechanical burrs 
Spleen, omentum, fat, muscle, skin flap, intestine, 
lung, arterial implants 


Internal mammary and carotid arteries 


Table 3 18 

Physiological effects of prophylactic procedures on coronary collaterals (dog) 



Expen- Procedures prior to Ligation of 

ment Coronary Artery Ramus 

Acute Ligation of Coronary Artery Ramus“ 

Mor- 

tality 

Infarc- 

tion 

Injectable 

collaterals 

Persistence 

of 

collaterals 

Acute None 

% 

70 




Chrome None 

70 

Gross 





Chronic Section cardiac sympathetic fibres 



-> 



Acute (Coronary sinus constriction or ligation) 
(Aorta-coronary sinus shunt) 


— 


__ 

Chronic (Coronary sinus constriction or ligation) 
(Aorta-coronary sinus shunt) 

N 



Yes 

Chronic Irritants applied to heart' Talc, asbes- 
tos, mechanical abrasion, mica, 
phenol, silver nitrate 

N 



Yes 

Chronic Mechanical abrasion, asbestos, coro- 
nary sinus reduced to 3 mm 

N 



Yes 

Chronic Extracardiac tissue muscle, lungs, in- 
testine, omentum, pedicle, skin flap, 
internal mammary artery 

N 




Chronic Ligation internal mammary artery 




— 

Chronic Sham operation 






Chronic Coronary bypass and coronary endar- 
terectomy 




— 


“Directional arrows merely indicate direction, not magnitude, i e ,-^no change, ✓^increase or decrease 
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chemical and mechanical irritants, separately 
or in combination, and application of extracar- 
diac tissue to the heart lead to a significant 
reduction m mortality and infarction 

Man. All of the procedures listed in Table 
3 17 designed to promote collateral develop- 
ment, including the sham operation, have been 
applied to the heart of man suffering from coro- 
nary artery disease All appear to increase to 
some extent the work and exercise tolerance 
and to decrease the cardiac pain These obser- 
vations are not necessarily explained on the 
same basis as the improvement in the collateral 
circulation which follows such procedures m the 
dog This is because, in the dog, surgery pre- 
cedes coronary artery ligation, whereas in the 
human, surgery follows coronary artery occlu- 
sion Surgery in the dog is designed to promote 
collaterals in the presence of a normal coronary 
circulation Surgery in the human is designed 
to promote collateral circulation after the coro- 
nary insufficiency has been naturally estab- 
lished In man, hypoxia, the greatest known 
vessel dilator, and a natural stimulus to collat- 
eral development, has already been working for 
many months To be effective, the surgical pro- 
cedure must supply a stimulus to collateral de- 
velopment far more potent than hypoxia This 
has never been demonstrated in animals in 
which coronary insufficiency has previously 
been induced 

The explanation of the results in man is not 
clear It may be that some subjects are pro- 
tected and live longer because of the known ex- 
perimental fact that handling the heart en- 
hances the ventricular fibrillation threshold 
Some may be improved by procedures such as 
de-epicardialization which could obliterate the 
afferent pathways for pain However, results of 
the sham operation of Adams and of others, in- 
volving only a skin incision, strongly suggest 
that much of the positive benefit is on a psy- 
chogenic basis 

Coronary endarterectomy, which has been 
applied to man, is on a sound physiological 
basis, and its purpose is entirely different from 
the preceding The surgeon directly re-estab- 
lishes coronary flow through the original coro- 
nary artery by removing its atherosclerotic 
plug It does not require collateral development 
and should be effective provided there exists a 
gross coronary insufficiency of blood beyond 
the obstruction, provided the vessel remains 
patent and thrombi do not form, and provided 
there are no sizeable atherosclerotic lesions 


beyond the region of the occluded coronary ar- 
tery^ Only a small group of patients have bene- 
fited from this type of operation and long term 
evaluation is not available Patients must be 
chosen carefully for this procedure with the 
above criteria m mind 

Finally, bypass of a length of an occluded 
coronary artery by anastomosis of its peripheral 
patent end to a systemic artery has been re- 
cently applied therapeutically in man (Green et 
al , 1970) In dogs, a nonsuture anastomosis by 
intima to intima contact between the left coro- 
nary artery and the left internal mammary ar- 
tery has been highly successful In almost all of 
the dogs, the anastomoses have been demon- 
strated to be patent as evidenced by gross ob- 
servation, angiography, and measurement of 
coronary blood flow through the anastomosis up 
to the time of dog sacrifice (12 to 24 months 
after operation) End-to-side anastomoses of 
the internal mammary artery to 1 0 mm diam- 
eter segments of the anterior descending coro- 
nary artery is feasible in dogs, and results in 
long term patency and high flow Such a proce- 
dure was shown to relieve anginal symptoms 
and to increase exercise capacity m a small se- 
nes of patients (Green et al 1970) 

There is, however, a possible late complica- 
tion to successful coronary endarterectomy or 
coronary bypass in man which must not be 
overlooked In the presence of such a large new 
blood supply, the existing collateral flow might 
disappear If another coronary occlusion subse- 
quently occurs, the patient would be m difficul- 
ties because he had lost his collaterals 

SUMMARY 

From the preceding, it would appear that in 
the normal heart a moderate collateral circula- 
tion exists which functions immediately fol- 
io wmg a coronary artery occlusion Different 
prophylactic procedures are successful experi- 
mentally m preserving life either by compen- 
sating for a deficit m the supply of collateral 
oxygen or by preventing ventricular fibrillation 
This protection against occlusion of a coronary 
artery may be dependent upon a collateral de- 
velopment on the arterial side of the order of 
magnitude of that essential for viability 
Human coronary surgery which follows coro- 
nary msufficiency has no counterpart in animal 
experiments and these human coronary experi- 
ments cannot as yet be interpreted on a physio- 
logical basis 



T / MEASUREMENT OF BLOOD PRESSURE 
AND FLOW 


Direct Measurement of 
Blood Pressure 

In the direct approach, a catheter or needle is 
inserted into a vessel or heart cavity and con- 
nected to a hydrostatic column of fluid or to a 
special device Miniature transducers for im- 
plantation within the artery have been devel- 
oped and employed for both hard wire re- 
cording and telemetering of blood pressure sig- 
nals from free ranging animals (Van Citters 
and Franklin, 1969) Pressures thus obtained in 
almost all parts of the cardiovascular system of 
animal and man have been quantitated and 
studied Direct pressure measurements have 
value m determining certain aspects of function 
of the circulation They should not, however, as 
IS pointed out elsewhere, be used as an index of 
change in flow through or volume of a blood 
vessel or heart cavity Whenever a change in 
volume IS empirically deduced from a change in 
pressure, potentially active changes in caliber 
are ignored which are known to occur in every 
vessel except the capillaries 

MEASUREMENT OF NONOSCILLATORY OR 
NEARLY NONOSCILLATORY PRESSURES 

A vertical column of fluid with attached mil- 
limeter scale, and with some form of anticoagu- 
lant between it and the vessel whose pressure is 
being tapped, is the only device needed to de- 
termine the pressure in most intravascular pres- 
sure regions To measure the pressure, the 
column is filled from a side tube, and the 
column IS then allowed to seek its own level by 
drainage into the vessel For measuring cere- 
brospinal fluid pressure, intravascular pressure 
in arterioles, capillaries and venules, and extra- 
vascular pressure in the tissue space in skin, 
muscle, kidney, subcutaneous tissue, etc , water 
or saline manometers are used in which little or 
no fluid enters or leaves the manometer This 
method vields higher values for tissue pressure, 
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(-hi to +3 mm Hg) than those obtained with 
implanted perforated capsules, or m fluid 
spaces beneath the skin Interstitial fluid pres- 
sure measured by these methods is actually 
negative (-3 to -9 mm Hg ) The existence 
of negative interstitial fluid pressure, although 
controversial, has its counterpart m negative 
pressures (-5 to -10 cm HgO) measured in 
the peripheral cavity, joint spaces, and in sub- 
cutaneous spaces (Gauer et al , 1970) Ob- 
viously, the usual values employed in the Star- 
ling ratio for forces acting across the capillary 
wall must be modified to account for fluid ex- 
changes where the interstitial pressure is nega- 
tive (See sect 4, chap 12) 

MEASUREMENT OF PRESSURE PULSES 

Basically, all types of pressure apparatus in- 
volve measurement of the displacement of some 
type of elastic membrane which is moved by 
generation of pressure in a vessel or cavity In 
one group of manometers, an essentially non- 
distensible conduit (needle, lead tube, cannula, 
or catheter) is filled with fluid and connected to 
the membrane outside the body, this, m turn, 
is connected to a form of amplification and 
recording, in the other, a micromanometer 
membrane or its equivalent is mounted in a 
catheter tip at the pressure source, and the 
catheter serves only as a conduit for wires to 
the amplifying and recording assembly (Fig 
3 132) The detection and transmission of the 
movements of the membrane can take place by 
mechanical, optical, or electrical means, or by a 
combination of these principles Owing to their 
technical imperfection, purely mechanical sys- 
tems are now only of historical interest Pretty 
much m the same category are manometers 
which combine optical and electrical systems 

Manometers Mounted m an Empty Cath- 
eter Tip. In this type of gauge, the pressure 
sensitive element is mounted in the catheter 
tip, the catheter contains no fluid, and merely 
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Fig 3 132 Externally recording pressure gauges Left principle of the classical optical method for determining 
biological pressures A flexible short nondistensible lead tube offering little damping effect connects to the 
pressure source Center left capacitance transducer center right strain gauge transducer and right catheter 
mounted inductance transducer 


functions as a conduit for wire leading to an 
amplifier Inductance pressure gauges of this 
type are used in which the variable mutual 
inductance between a pair of coils can be al- 
tered by changing the position of an iron core 
within its magnetic field If the iron core con- 
nected to the center of an elastic membrane is 
mounted between two coils, movement of the 
membrane moves the core within the coils, 
changing their inductance Change m induct- 
ance, monitored by an appropirate bridge cir- 
cuit indicates the extent of membrane displace- 
ment (Fig 3 132) This instrument was first 
devised by Wetterer (1954) and has been con- 
siderably modified and improved by others 
The strain gauge principle has also been ap- 
plied to a micromanometer mounted in the end 
of a catheter In this, a strain wire wrapped 
around a metal reed with multiple longitudinal 
slits IS stretched by the pressure source 

Both the inductance and strain gauge type of 
micromanometer faithfully record the pressure 
pattern but are difficult and expensive to build 
Inductance gauges have been used in animals 
and, at times, in humans, but their use has 
been limited because it has not been possible to 


determine accurately the zero pressure with the 
Wetterer type Although the strain gauge type 
does not have this disadvantage and has been 
used with some patients, its initial expense is 
higher than the inductance type, and it has the 
added drawback that no way has been found to 
disconnect it from its catheter which wears out 
first 

For precise quantitation, the intravascular 
pressure should be measured against the extra- 
vascular or tissue pressure which is around the 
vessel The terms, effective, transmural, and 
net pressure, have been introduced to indicate 
the pressure difference between the intravas- 
cular and extravascular pressure Precise deter- 
mination of extravascular pressure, however, is 
unreliable 

Indirect Blood Pressure 
Measurements 

Although the blood pressure can be deter- 
mined by inserting a hollow, wide-bore 
needle into an artery and connecting it with a 
suitable manometer, such a method is usually 
reserved for human cardiopulmonary diagnostic 
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work Convenience and safety demand that any 
method for general clinical use must be indi- 
rect The principle employed involves the bal- 
ancing of air pressure against the pressure of 
the blood in the brachial artery The air pres- 
sure IS estimated by means of a mercury or an 
aneroid manometer 

The instrument used for this purpose in- 
cludes an inflatable flat rubber bag covered by 
a nondistensible envelope of fabric, called the 
cuff The cavity of the bag is connected to both 
the manometer and a hand bulb or small pump 
by rubber tubing By this means the bag can be 
inflated to any desired pressure A small valve 
between the bulb or pump and the bag permits 
the escape of air, and the reduction of the pres- 
sure as required The unmflated rubber bag is 
wrapped snugly around the upper arm just 
above the elbow The bag is then inflated until 
the air pressure within it overcomes the arterial 
pressure and obliterates the arterial lumen The 
pressure is increased a little beyond this point 
and is then cautiously reduced again, ^ by the 
release of the valve, until the arterial pressure 
just overcomes the air pressure and blood es- 
capes beyond the cuff into the peripheral sec- 
tion of the artery At this instant the pressure 
in the bag is read from the manometer Since 
the air pressure practically balances the systolic 
arterial pressure the manometer reading must 
indicate the value of the latter It is essential to 
the method that the manometer reading be 
taken at the instant when the blood escapes 
beneath the cuff 

One of three methods, the palpatory, oscilla- 
tory, or auscultatory, may be employed to de- 
termine when the blood first escapes beneath 
the cuff In all three procedures the value for 
the lateral pressure in the brachial artery is 
obtained, whereas direct methods (which entail 
the introduction of a straight, unbranched can- 
nula, or a large-bore needle into an artery) 
measure the end pressure The latter is greater 
because it includes not only the lateral pressure 
on the elastic arterial wall, but also that de- 
rived from the conversion of the kinetic energy 


^ Should deflation be earned out too rapidly the 
mercurial type of clinical manometer shows a consid- 
erable lag, due to the time required for the air above 
the mercury column to reach atmospheric pressure 
With rapid deflation, particularly when the heart rate 
IS slow, the actual point at which arterial pressure 
overcomes cuff pressure may be missed The rate of 
deflation should not exceed from 2 to 3 mm Hg/sec 


of the moving blood column as it meets the 
obstruction, and the increment of pressure 
caused by the reflected wave from the obstruc 
tion 

AUSCULTATORY METHOD 

This procedure is the one generally employed 
clinically, It was introduced m 1905 by the 
Russian physician Korotkoff Certain sounds 
heard during auscultation over the brachial ar- 
tery distal to the cuff are taken as the criteria 
for the systolic and diastolic pressures Under 
ordinary circumstances if a stethoscope is 
placed over the brachial or any other artery, no 
sound can be heard as the flow of blood 
through the channels is inaudible If, however, 
the artery is compressed by the manometer cuff 
so as to completely arrest the flow of blood, a 
sharp light tapping sound, in rhythm with the 
heart beat, will be heard when the pressure in 
the cuff IS released and falls just sufficiently to 
permit the arterial lumen to open As the pres- 
sure m the cuff is progressively lowered the 
sound undergoes a series of changes in quality 
and intensity 

Four phases of the sound, each having its dis- 
tinctive character, may be heard m succession 
in the normal individual, as the pressure is 
gradually reduced from about 120 to 80 mm 
Hg or less These are described below with the 
average pressures at which they are normally 
heard (Fig 3 133) 

Sounds of Korotkoff Phase I Sudden ap- 
pearance of a clear, but often faint, tapping 
sound growing louder during the succeeding 
10 to 14 mm Hg fall in pressure 

Phase II The sound takes on a murmuring 
quality during the next 15 to 20 mm fall in 
pressure 

Phase III Sound changes little m quality but 
becomes clearer and louder during the next 5 to 
7 mm fall m pressure 

Phase TV Muffled quality lasting throughout 
the next 5 to 6 mm Hg fall After this all sound 
disappears 

Phase V Point at which sounds disappear 

The muffling and disappearance are com- 
monly referred to as the fourth and fifth points 
If there is a detectable difference between 
these, it IS recommended (Kirkendall et al, 
1967) that they be recorded e g , 142/82/78 
mm Hg (142 = systolic, 82 = fourth phase, 
78 ~ fifth phase) If the fourth and fifth points 
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Fig 3 133 Characteristics of the auscultatory method 
of measuring blood pressure (Redrawn from Geddes 
1970) 


are identical, this should be recorded e g , 
144/76/76 Muffling (Phase IV) occurs at pres- 
sures 7 to 10 mm Hg higher than direct intra- 
arterial diastolic pressures Disappearance of 
sounds (Phase V) occurs close to mtra-artenal 
diastolic pressures in adults at resting heart 
rate With increase in flow as with exercise, it 
falls far below true diastolic pressure because 
the opportunity for mtra-artenal turbulence is 
greater Under such circumstances Phase IV 
and V may be separated by 40 mm Hg or 
more, with Phase IV being closest to true dia- 
stolic pressure In children, in whom flow ve- 
locity is often high, Phase IV has been found 
the more reliable index of diastolic pressure 
Auscultatory Gap, As shown by the sound 
intensity curve in Figure 3 133, the Korotkoff 
sounds may temporarily disappear during the 
latter part and Phase I and Phase 11 This gap 
may cover a range of 40 mm Hg and cause 
marked underestimation of systolic pressure if 
the cuff pressure is increased only to the level 
at which the sounds are absent This may be 
avoided by checking the palpatory systolic 
pressure first, when the palpatory systolic 
pressure is highest it should be accepted as the 
reliable determination Venous congestion as- 
sociated with slow cuff deflation or rapidly re- 
peated occlusions increases the occurrence of 
auscultatory gap Thus rapid cuff deflation 
(2 to 3 mm Hg/sec ), allowing 2 to 3 mm to 
elapse between determinations, and raising 


the arm to promote venous drainage, reduce 
or eliminate auscultatory gap 

Arterial blood pressure cannot be measured 
with precision by means of sphygmomanom- 
eters The method is attended by inaccura- 
cies caused by variations m heart rhythm, the 
presence of normal respiration, and resistance 
of the tissues of the part To compensate for 
tissue resistance, a rule of thumb is that the in- 
flatable arm bag should be approximately 20% 
wider than the arm diameter, or approximately 
12 cm for adults, 8 cm for children less than 8 
years, 5 cm for children less than 4 years, 2 ^^2 
cm for children less than 1 year For the adult 
thigh the bag width should be approximately 18 
cm and such bags are useful also on the upper 
arm of obese individuals Despite use of such 
cuffs, a mean error of =b8 mm Hg may be ex- 
pected in individual readings of systolic and 
diastolic pressures In general, the auscultatory 
method tends to underestimate systolic pres- 
sure and overestimate diastolic pressure In the 
arms of people with much fat tissue, the error is 
further exaggerated, m arrhythmias, deep 
breathing, or abnormalities of the arterial wall, 
the errors are still larger Increases in the resist- 
ance of the arterial wall, as a result of sclerotic 
changes or simple hypertonus of the muscular 
coat, give readings that are too high Repeated 
compression and decompression just before the 
actual determination is made may remove any 
spasm of the arterial wall sufficiently to reduce 
this source of inaccuracy Though lower read- 
ings as a rule are not obtained m a normal in- 
dividual by repeated readings, in others with 
apparently normal arteries, the reading ob- 
tained after the third or fourth trial may, as a 
result of the reduction in tone of the vessel 
wall, be lower than the initial observation by 
several millimeters 

Determination of the blood pressure in the 
human thigh by the auscultatory method gives 
incorrectly high values and has led to the mis- 
conception that leg blood pressure is higher 
than arm blood pressure Simultaneous direct 
mtra-artenal measurements in the brachial and 
femoral arteries have shown the two pressure 
curves to be similar in all respects (Pascarelli 
and Bertrand, 1964) 

OTHER INDIRECT METHODS 

A variety of other methods based on the use 
of an occluding cuff have been devised m which 
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various sensors are employed for detecting 
sound, pulsation, or blood flow below the cuff 
Flush Method In this method, cutaneous 
blood IS forced out of the extremity below the 
cuff, the cuff IS inflated above systolic pres- 
sure and slowly (6 to 7 mm Hg/sec ) deflated 
Systolic pressure is indicated when the pale, 
bloodless skin flushes Applied to the adult 
finger the method gives systolic values below 
the auscultatory method and is unreliable if 
digital vasoconstriction is induced by emo- 
tional or temperature changes The method 
has found practical application in newborn 
infants applied to the hand or foot 
Pulse Detectors. Various types of pressure 
transducers have been applied below the cuff 
to detect the earliest arrival of pulsation as the 
indicator for systolic pressure The size of the 
signal obtained varies as pulsation increases 
and these characteristic variations have been 
used to estimate (in general unreliably) mean 
or diastolic pressure 

Microphones. Korotkoff sounds may be 
amplified by means of piezoelectric microphones 
mounted within or below the cuff The electri- 
cal signal obtained may be amplified to in- 
crease audibility or used to actuate a voltmeter 
or other visual signals such as a flashing light 
Ultra- Sound. Ultra-sound may be used to 
detect arterial wall movements as pressure is 
decreased in the blood pressure cuff Ultra- 
sound transmitting and receiving crystals are 
placed over the artery beneath the cuff The 
doppler signal received identifies the opening 
and closing of the artery At cuff pressure just 
below systolic level opening occurs only at the 
peak of pressure, followed rapidly by closure 
The time interval between these two signals 
increases as cuff pressure declines until it is 
low enough that the vessel remains open dur- 
ing the pulse 

INDIRECT MEASUREMENT IN ANIMALS 

Indirect blood pressure determinations in 
animals are made with adaptations of the 
methods described for man An additional 
extremity, the tail, is available in many species 
and exteriorized arterial loops may be em- 
ployed for application of the occluding cuff 
The precision and accuracy of these methods 
decreases with decreasing size of the subject 
owing to difficulty of pulse and sound detec- 
tion and vasomotor changes m the muscular 


distributing arteries to the extremities under 
various conditions 

Equipment and methods for radiotelemetry 
of blood pressure and flow have been devel 
oped and employed in free ranging terrestrial 
nnd aquatic animals (Van Citters and Fmnk- 
lin, 1969a, b) 

fyieasyremeni of Voiyme 
Flow of Blood 

The most important measurement in the cir- 
culation IS that of the volume flow of blood 
through the aorta or through any vital region or 
organ The blood flow is most sensitive to a 
change m dilation in a vascular bed If the 
blood pressure is doubled, the blood flow might 
also double but doubling the mean bore of a 
vascular bed might increase the blood flow by 
16 times In the past, advancement of flow 
methodology has been slow and limited in large 
measure to devices applicable under highly 
abnormal conditions In use, the animals have 
been exposed to so much insult by anesthesia, 
surgery and trauma that the measurements do 
not necessarily have resemblance to normal 
values, 1 e , the relative importance of factors 
regulating flow can be quite different than in 
the normal state 

VISUALIZATION (HUMAN OR ANIMAL) 

Direct microscopic in uwo visualization of the 
components of the microcirculation (terminal 
arteries, arterioles, capillaries, venules, and 
very small veins) offers a means for studying 
qualitatively the peripheral circulation and con- 
trol of blood flow in various regions When cap- 
illaries, arterioles or any of the above vessels 
are observed to decrease in diameter, they are 
assumed to have constricted and thus to de- 
crease flow Despite this, such observations 
have contributed greatly to our knowledge of 
the circulation Direct microscopic and high 
speed photography have been used in the frog 
skin, bat wing, rat mesoappendix, dog omen- 
tum, lungs of the open-chest dog, transparent 
viewing chamber of the rabbit’s ear, bulbar 
conjunctiva and skin of humans, and pial ves- 
sels of the brain through a transparent viewing 
chamber Change in small terminal arteries 
(and possibly arterioles) has been visualized in 
the coronary circulation of the heart of the 
closed-chest dog and in humans with 
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cinephotography following injection of contrast 
medium directly into the coronary arteries 

VENOUS DRAINAGE 

One of the oldest, simplest and most satisfac- 
tory means of determining blood flow is to col- 
lect and measure the outflow from a cannula ted 
vein draining a particular organ The rate of 
flow can be read from a graduate, or from the 
change in weight of a collecting container on a 
scale For very low rates of flow, drop recorders 
are used in which each drop shorts a pair of 
contacts in an electrical system or interrupts a 
photocell light beam 

PERFUSION SYSTEMS 

For many investigations and certain surgical 
procedures, it is desirable to have controlled 
perfiision of an organ, body region, or the 
whole body at constant flow rates and/or at 
constant perfusion pressures, which are the 
same or different from the prevailing aortic 
pressure Pump systems have been used to per- 
fuse isolated organs and to perfuse, in the un- 
anesthetized as well as the anesthetized animal, 


the vessels of an extremity the brain, liver, 
kidney, and the coronary vessels of the heart 
Mechanical pumps serve also at temporary re- 
placement for the left ventricle, right ventricle, 
and the whole heart, i e , the whole body in- 
cluding the coronary arteries is perfused with a 
pump Their use for bypass of the right heart, 
left heart and whole heart is shown in principle 
in Figure 3 134 J, iT, and L 

Mechasucal Circulatory Assistance (Car- 
diac Assist Devices). Mechanical assistance to 
the circulation is the application of any energy- 
producmg device to aid blood flow Methodo- 
logical complexity extends from simple manual 
cardiac massage, temporary partial or complete 
cardiac b 3 rpass, through to total cardiac replace- 
ment with an implantable artificial heart The 
chief techniques which have been employed are 
listed in Table 3 19 and illustrated in Figure 
3 134 

Cardiac massage, external (Fig 3 134 A) or 
internal (Fig 3 134 B), is applicable for assist- 
ance for periods up to several hours External 
manual massage by compressing the heart be- 
tween the sternum and spine is an effective 
emergency procedure used to maintain circula- 



Fig 3 1 34 Schematic representation of circulatory assistance devices See text 
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Table 3 19 

Methods of mechanical circulatory assistance 


Cardiac massage 

External manual compression of the thorax 
Internal manual or mechanical cardiac compres- 
sion 

“Counterpulsation” 

Synchronized arterial assistance 
Intra-aortic balloon 
External limb pulsation 
Synchronous respiration 
Ballistocardiogram-triggered assistance 
(‘In-senes” auxiliary ventricle) 

Auxiliary ventricle 
“ In -series” ( counterpulsation) 

“In-parallel” 

Left heart bypass 
Right heart bypass 
Veno-artenal bypass 
With oxygenation 

With oxygenation and counterpulsation 
Implantable cardiac substitute 


tion until the cause of cardiac arrest can be cor- 
rected or more effective measures applied 

The object of counterpulsation is to reduce 
the pressure against which the ventricle must 
pump during systole (afterload) and to improve 
coronary flow during diastole Its physiological 
bases are 1) that the oxygen requirement of the 
heart is decreased by reduction of afterload and 
2) that coronary volume flow can be greatly in- 
creased by a high diastolic perfusion pressure 
which acts when ventricular wall tension is low 
and, consequently, coronary vascular compres- 
sion IS minimal Synchronized arterial assist- 
ance (Fig 3 134 C) consists of withdrawal of 
blood from the aorta just before and during sys- 
tole, thus reducing the pressure against which 
the left ventricle ejects blood, and returning 
the same volume of blood during diastole, to 
mcrease diastolic pressure and thereby increase 
coronary flow 

Intra-aortic counterpulsation (Fig 3 134 D) is 
a blood volume displacement method A gas- 
filled balloon in the aorta is deflated during 
cardiac systole, thus lowering intra-aortic pres- 
sure during left ventricular ejection The bal- 
loon IS then distended by gas pressure after 
aortic valve closure, this increases diastolic 
pressure and coronary flow by volume displace- 
ment 

Aortic blood volume displacement is also 
involved in external hmh counterpulsation (Fig 


3 134 E) The limbs are incased m a sheath so 
that when suction is applied during systole, 
arterial capacity m the limbs is increased, with 
drawing blood from the aorta Positive pressure 
during diastole returns blood to the aorta 
Right ventricular assist by synchronous respi 
ration (Fig 3 134 F) With this method the 
capacity of the pulmonary vascular bed is in 
creased during cardiac systole so that right ven- 
tricular afterload is decreased This is accom- 
plished by pressure variations applied either 
through an airway or externally to the chest 
wall by a cuirass The negative pressure is syn- 
chronized with systole, increasing pulmonary 
vascular bed capacity and decreasing right ven 
tncular pressure 

Ballistocardiogram-tnggered assistance (Fig 
3 134 G) has been tried with the idea of moving 
the body appropriately during systole and dias- 
tole as a counterpulsation method 

An “m senes” auxiliary ventricle has been 
employed to accomplish counterpulsation (Fig 
3 134 H) A pneumatically activated pumping 
chamber, which contains no valves, is inserted 
in series with the aorta During systole the 
pumping chamber is evacuated to lower aortic 
pressure (afterload) During diastole, after the 
aortic valves close, the blood is pumped back 
into the aorta, increasing flow into the coronary 
arteries and the rest of the circulation 
An ''in-paralleV auxiliary ventricle (Fig 
3 134 i) has been developed which takes blood 
from the left atrium and returns it into the 
aorta during diastole Thus left ventricular 
work IS decreased and coronary flow increased 
This IS a form of left ventricular bypass An- 
other type of left ventricular bypass via the pe 
ripheral circulation similarly accomplishes 
“parallel pumping” (Fig 3 134 J) Blood is 
withdrawn from the left atrium into a reservoir 
and pumped back into the arterial system 
through a femoral artery If the blood is with- 
drawn rapidly enough, left ventricular filling 
may be prevented and full bypass of the left 
ventricle accomplished 
Right ventricular bypass (Fig 3 134 K) is ef- 
fected by removal of blood from the right 
atrium and pumping it back into the pulmo- 
nary artery, thus sparing the right ventricle In 
complete heart-lung bypass (Fig 3 134 L), the 
systemic venous return is drained into a reser- 
voir, pumped through an oxygenator and re- 
turned to the arterial system under pressure 
Coronary sinus blood returning to the right 
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atrium and bronchial flow drainage into the left 
atrium are removed via catheters 

Veno-arterial bypass with oxygenation (Fig 
3 134 M) is a form of heart lung bypass in 
which blood is taken from the venous side, oxy- 
genated, and pumped back into the femoral 
artery, either m an unsynchronized manner or 
coordinated with the heartbeat (e g , veno-ar- 
terial phased pulsatile partial bypass, Fig 3 134 
N) 

Finally, implantable devices which can sup- 
plant the heart mechanically have been devised 
and tested in animals 

Except for short term use, as in cardiopul- 
monary bypass for heart surgery, these various 
methods of circulatory assistance are in the 
experimental stage Some require formidable 
surgical intervention, many produce serious 
hemolysis, and lead to thrombosis and emboli- 
zation through effects on blood clotting factors 
Although their practical application lies m the 
future, there can be no doubt of the enormous 
benefits successful devices will confer in the 
treatment of cardiac failure and circulatory 
shock (see Soroff et al , 1969, Proctor, 1969, 
Kolff et al , 1969, and Burns et al , 1969) 

Various expedients have been used to perfuse 
an organ or region (Fig 3 134, 0) For example 
one end of a pump may be connected to a local 
arterial source and the other end of the same 
pump to the artery of the organ or region being 
supplied Either the perfusion pressure or flow 
rate can be varied separately This approach 
obviously has the important advantage that it 
enables the investigator to study separately the 
peripheral factors m the organ or region that 
regulate flow 

MEAN FLOW RECORDERS 

Because of the imposed resistance to flow, 
most mean flow recorders are not suitable for 
use in the path of venous flow but are accept- 
able in the arterial system where a small drop 
m pressure across the meter is not so impor- 
tant The types that have given much informa- 
tion regarding the operation of the cardiovas- 
cular system include the mechanical stromuhr, 
bubble flow meter, rotameter, and turbino- 
meter How they work is shown in Fig 3 135A, 
B, and C They have the disadvantages that 
they require anesthesia, injection of anticoag- 
ulant, insertion between the cut ends of the 
vessel m which flow is being measured, and 


their response time is slow, the fastest (the 
rotameter) being of the order of 90^^: complete 
in 1 sec Despite these disad\antages and al- 
though arterial flow is highly phasic these de- 
vices have been most helpful 



Fig 3 135 A sectional view of a rotonneter Blood 
flows through the flow chamber entering the bottom 
.niet tube and leaving through the outlet tube inght) 
supporting the cylindrical float Float position is detected 
visually or electrically by an induction coil through which 
a soft iron upper rod extension, of the float projects 
(Shipley and Wilson 1951) 



B sectional view of the Potter turbinometer Flowing 
blood turns the turbine which contains a magnet The 
rotating magnet induces an electrical signal in the pick-up 
coil The amplitude of the induced signal is proportional 
to the rate of rotation and is calibrated for various flow 
rates (Sarnoff and Berglund 1953) 


3-156 CiRCULATiOfy 


Section 3 


Constanta n wire 

Upstream or cold 
thermocouple 


Direction 
of flow 


Rubber covering 



Nichrome heater 

Downstream or hot 
thermocouple 

Slot to admit 
artery 

Copper wire 
— I-Bakelite block 


Lead wires to 
galvanometer 


Fig 3 135 C diagram of direct current thermo- 
stromuhr Blood flowing in a vessel placed m the sleeve 
reduces the heat created by the electrical heater Temper- 
ature changes are detected by the thermocouple unit 
and reflect rate of blood flow The device is unreliable if 
external factors alter the relative rate of heat loss (Gregg 
1950) 


PHASIC FLOW METERS 

These devices faithfully record the phasic or 
moment to moment changes in arterial and/or 
venous flow during a cardiac cycle (Fig 3 136) 
The differential pressure and pendulum types 
must be used with heparin and inserted be- 
tween the cut ends of a vessel, the electromag- 
netic and sonar flow meters are used to 
measure blood flow in intact vessels in unanes- 
thetized active animals, the electromagnetic 
flow meter has been used in anesthetized hu- 
mans 

Differential Pressure Flow Meters By intro- 
ducing a device between two points in a 
flowing stream, a pressure difference is created 
which varies with the velocity of blood flow 
The ways of creating the pressure differences 
are illustrated (Fig 3 136A) 

Pendulum Flow Meters In a principle first 
described m the 15th century, a small pendu- 
lum, paddle, reed, wire, or bristle which is in- 
troduced into a blood vessel is deviated from its 
resting position by the flowing blood, the 
amount of deviation being proportional to the 
velocity of flow 

Sonar Flow Meter An electrosonic meter 
has been used to measure flow m the arteries, 
aorta, and vena cava, and to measure left ven- 
tricular diameter of unanesthetized dogs (Fig 
3.136 C) In prmciple, the transit time of sound 
moving downstream is determined by the ve- 


locity of sound m the motionless medium plus 
the velocity of the medium The transit time of 
the sound upstream is determined by the vp 
locity of sound in the motionless medium minus 
the velocity of the medium Thus, the difference 
in transit time of the ultrasonic waves upstream 
and downstream is proportional to the velocity 
of the medium In practice, barium titrate crys- 
tals are mounted at diagonally opposed posi 
tions near the end of a Incite cylinder divided 
longitudinally and this is clamped about an 
artery Bursts of ultrasonic waves (3 mega- 
cycles/sec ) emitted by one crystal pass through 
the vessel wall and diagonally through the 
stream of flowing blood to reach the opposite 
crystal Bursts are emitted at about 12,000/sec 
with direction reversal at 800 /sec The dif 
ference in transit time of the ultrasonic waves 
is converted into a direct current voltage, ampli 
fied and recorded By turning off the ultrasonic 
pulse generator, the flow beam reaches a posi- 
tion which is the same as that following tem- 
porary mechanical occlusion of the vessel 
This device appears to be usable on both ar- 
tery and vein 

Electromagnetic Flow Meter This type has 
been used for pulsatile flow recording m the 
aorta and arteries of the dog and man (Fig 
3 136 D and E) A number of different types 
have been produced, some commercially In 
the author’s laboratory, the Kolin type, some- 
what modified, has been used In principle, an 
electromotive force or voltage is induced in a 
conductor moving through a magnetic field at 
right angles to the lines of force In biological 
use, blood moving within an intact blood vessel 
serves as the conductor and the induced voltage 
which IS proportional to the blood velocity is 
picked up by a pair of electrodes positioned 
against the vessel wall, perpendicular to the 
magnetic field and to the direction of blood 
flow The flow meter which is encased in 
plastic, consists of a miniature electromagnet 
made up of coils of wire mounted on steel lami- 
nations, a slotted plastic tube into which the 
vessel is inserted, two electrodes, and wires 
for energizing the electromagnet and for lead- 
ing off the induced voltage (one- millionth volt) 
which IS amplified and recorded In use, the 
probe IS implanted around an intact blood ves- 
sel by temporarily decompressing and forcing 
the vessel through the longitudinal slit in the 
probe Its mam advantages are its ability to 
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Energy loss by friction 



Fig 3 136 B C Phasic blood flow meters A, the orifice meter and the Pitot tube In the orifice flow meter the 
rate of flow is proportional to the difference in pressure proximal and distal to the region of constriction In the Pitot 
tube pressure differences are detected between a tube facing upstream and one facing downstream (Brecher 1956) 
B, the bristle flow meter Flowing blood deviates a small bristle The degree of deviation is detected electronically and 
serves as a measure of blood flow (Brecher 1956) C sonar flow meter Ultrasonic waves are beamed between two 
crystals Velocity of sound transmission is proportional to the velocity of the blood (Franklin et al 1959) D. electro 
magnetic flow meter principle E, electromagnetic flow meter probe 
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measure mean and phasic flow in unopened 
large and small vessels of chronic animals, its 
linearity of calibration and its high frequency 
of response The flow beam can be made to 
approximate the zero flow position by “elec- 
tronic zeroing” or repeated mechanical flow 
zeros can be easily obtained even in the exer- 
cising dog by temporary (3 to 4 sec ) inflation 
of a rubber pneumatic cuff just distal to the 
flow meter 

PICK PRINCIPLE 

Much of our information concerning blood 
flow, especially the output of the heart is de- 
rived from the use of methods based on the 
Fick principle To employ the Fick principle to 
determine blood flow through the whole body 
or an organ, it is necessary to have a substance 
that IS either removed from or added to the 
blood during its period of flow through the ves- 
sels under study The amount which is added 
or removed from the organ by the blood is 
equal to the difference between the amount 
brought into the organ and the amount carried 
away from the organ The amount of the-sub- - 
stance in the blood is expressed as the volume 
multiplied by the concentration Thus Q = Fi 
X Cl - Fo X Co in which Q = amount of ref- 
erence substance picked up or released by the 
organ, Fi = blood flow into organ, Fq = blood 
flow out of organ, Ci = concentration of refer- 
ence substance m the inflowing blood, and Co 
= concentration of reference substance in out- 
flow blood Since the inflowing and outflowing 
volumes are assumed to be the same, the equa- 
tion becomes 

F = Q/iCc - Cl) = Q/AC 

For Cardiac Output with Oxygen and 
Carbon Dioxide. Measurement of the output 
of blood by the animal or human heart has 
been calculated from the difference between 
the oxygen content of the mixed venous blood 
and that of the arterial blood and the total ox- 
ygen consumption of the body It is evident 
that if the quantity of oxygen which a unit of 
blood delivers to the tissues (or takes up from 
the lungs) is known, together with the total 
quantity of oxygen consumed over a given pe- 
riod, then the volume of blood which had been 
engaged in the carnage of this quantity of gas 
can be calculated For example, the arterial 
blood contams about 19 volumes of oxygen per 
100 ml. It gives up, let us say, 6 volumes to the 


tissues, 1 e , the mixed venous blood coming to 
the lungs contains 13 volumes % The arterio- 
venous (AV) oxygen difference is, therefore, 6 
volumes % If the total quantity of oxygen con- 
sumed per minute is found to be 250 ml , then 
the cardiac output is 

[250 ml /mm /(19 - 13 ml /lOO ml ) ] 

X 100 = 42 liters/min 

The oxygen consumption must be measured 
very accurately for several minutes and the sub- 
ject must be in a steady state The blood sam- 
ples for determining arteriovenous oxygen dif- 
ference should be obtained simultaneously 
Arterial blood may be obtained from any artery 
but only mixed venous blood can be used since 
the quantity of oxygen contained m venous 
blood vanes grossly depending upon the vas- 
cular bed from which it drains Even the ox- 
ygen content of blood in the superior vena cava 
differs from that in the inferior vena cava by 1 
to 2 volumes % Mixing of the blood occurs in 
the right ventricle and is generally complete by 
the time the blood reaches the pulmonary ar- 
tery where sampling must be made for accurate 
determinations 

The cardiac output can be calculated m a 
similar way from the total carbon dioxide elim- 
ination and the arteriovenous carbon dioxide 
difference (CO 2 m mixed venous blood less 
CO 2 m arterial blood) However, the vagaries of 
cardiac output calculation on this basis are such 
that the measurement is generally ignored The 
unreliability of the Fick method when carbon 
dioxide is used is related to the fact that small 
changes in ventilation strongly influence carbon 
dioxide storage by the body and a steady state 
IS hard to reach 

The direct Fick method was first employed 
in man by Klein (1930), following Forssman’s 
(1929) demonstration upon himself of the safety 
of right heart catheterization Cournand and 
his associates (1941) established the safety of 
the procedure and stimulated widespread utili- 
zation of the method The technique of cardiac 
catheterization has been described in detail by 
Cournand and others A sample of mixed ve- 
nous blood is drawn from the pulmonary artery 
by means of a catheter passed up an appro- 
priate arm vein The introduction of the cath- 
eter is guided by x-ray visualization (fluoro- 
scope) A sample of arterial blood is obtained 
by arterial puncture The blood samples can be 
analyzed for their oxygen contents, and after 
the total oxygen consumption has been deter- 
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mined in the usual way, calculation of the car- 
diac output is made from the formula already 
given The oxygen contents can be measured 
with the Van Slyke apparatus or, for more 
rapid determination, a photoelectric method 
has been developed (Fig 3 137) Blood for anal- 
ysis IS drawn through a cuvette which is transil- 
luminated by a constant intensity light source 
The light passing through a 628 filter falls upon 
a photomultiplier tube 
The method presupposes that the oxygen 
consumption and the AV oxygen difference are 
obtained simultaneously and are constant 
during the time of measurement Both cardiac 
and respiratory cyclic changes in the concentra- 
tion difference of oxygen and the flow rate are 
capable of introducing large errors in cardiac 
output calculations These changes do not ap- 
pear to occur to any significant degree in man 
when a steady state has been achieved A po- 
tentially serious error of the Fick application 
may occur if gas is stored m, or liberated from, 
the body, including the lungs This would occur 
when the relation of aerobic to anaerobic me- 
tabolism of the body is altered and, as a conse- 
quence, the level of blood oxygen is altered 
without relation to blood flow Thus, the Fick 
calculation is dubiously related to cardiac 
output as the organism goes into or comes out 
of an anoxic state or in the presence of congen- 
ital heart disease with cyanotic episodes In the 
latter instance, the shunts between the pulmo- 
nary and systemic circuits induce large errors 
in calculation of systemic flow Special for- 


mulas have been developed to calculate the 
volume of blood flow through such shunts 

Cardiac output determined by the Fick 
method probabK has an error of ±10% when 
very carefully done 

For Cardiac Output with Foreign Gases. 
Most of the early figures for cardiac output 
were based on the Fick principle using a for- 
eign gas For this, the lungs are used as a gas 
aerotonometer to measure the gas tensions of 
mixed venous blood and hence, its gas content 
A subject breathes an inert foreign gas (i e , 
one which becomes dissolved in plasma but 
does not combine with hemoglobin, lipoid or 
other constituents of the blood) If the rate of 
gas absorption by the blood, its alveolar tension 
and its stability in blood are known, then the 
quantity of blood which has passed through the 
lungs can be calculated 

rate of gas absorption 

Flow = 1 1 

alveolar gas cone \ a b 

where a b is the solubility coefficient of the gas 
in question m blood 

This IS the principle on which a foreign gas 
method is based Nitrous oxide (N 2 O), ethyl 
iodide (C2H5I), and especially acetylene (C2H2) 
have been used in the past The mam difficulty 
of the method is that equilibrium between al- 
veolar air and the venous blood must be ef- 
fected before recirculation Originally, it was 
felt that the circulation time was 25 to 30 sec, 
and hence, that a respiratory mixture could be 
left in the lungs for that length of time without 




Fig 3 137 Left drawing showing principle of the densitometer used to determine instantaneous cardiac output 
and continuous blood O 2 saturation Right principle by which change in blood conductivity in a ventricular cavity is used 
to determine diastolic ventricular volume and stroke volume 
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exposure to recirculated blood However, the 
correct figure for circulation time is much 
shorter, 10 to 18 sec , which is often an insuffi- 
cient time for equilibrium to be established, 
hence, the values for resting cardiac output es- 
tablished by this method are usually lower than 
normal and, at times, grossly in error Nitrous 
oxide has been used to estimate not only car- 
diac output but the instantaneous capillary 
blood flow since it is so soluble that it is im- 
mediately picked up by blood entering the 
capillary bed of the lung (Fig 3 138) If a sub- 
ject IS in an airtight chamber and takes and 
holds a Single breath of NgO for 8 to 10 sec , 
the chamber pressure falls at a rate which 
indicates the rate of absorption of the gas by 
the blood and, consequently, the rate of pul- 
monary capillary blood flow or cardiac output 
Recirculation is not a problem during this 
short time The instantaneous rate of blood 
flow can be calculated since the rate of N 2 O 
absorption, the alveolar gas tension and its 
blood solubility are known 
For Regional Blood Flow. Of the methods 
considered, except for the electromagnetic flow 
meter and sonar techniques, measurements of 
volume of blood flow passing through the 
splanchnic bed of kidney cannot be made di- 
rectly even in experimental animals without 
destructive surgical procedures or unphysiolog- 
ical interference with function The Fick prin- 
ciple has been used to determine mean blood 
flow in man and animal through the liver, and 
kidneys, as well as the coronary and cerebral 
circulation The introduction of venous cathe- 
terization has made it possible to obtain blood 
issuing from the hepatic vein in intact animals 
and man, thus permitting the development of 
methods of measuring flow on the basis of the 
Fick principle Bromsulphalein (BSP) has 
proved especially useful here because it is taken 
up by the liver with remarkable efficiency Of 
the total removed from the blood each minute, 
when the plasma BSP concentration is main- 
tained by constant intravenous infusion below 2 
or 3 mg /lOO ml , no more than 5% can be at- 
tributed to escape through extrasplanchnic por- 
tals For practical purposes, therefore, the he- 
patic removal of BSP equals the rate of infu- 
sion as long as the plasma level is constant The 
splanchnic blood flow may be calculated by di- 
viding the removal rate by the difference lie- 
tween BSP concentrations in peripheral arterial 
and hepatic venous blood The flow value is 


A 



Fig 3 138 A diagram illustrating the principle of 
measurement of pulmonary capillary blood flow (A B 
DuBois and R Marshall J Clin Invest 36 1957 1566) 
B graph indicating typical nitrous oxide saturation curves 
obtained in determining coronary flow per 100 g per 
left ventricle per mm m dog Upper curve from carotid 
artery lower curve from coronary sinus by catheter 
(Gregg 1950) 

B 



Time (minutes) 

generally referred to as the estimated hepatic 
blood flow since sampling is made in only one 
of several hepatic veins A number of other 
substances such as Rose Bengal and have 
been used in the same way to measure 
splanchnic blood volume 

Similarly, the blood flow through the human 
kidney can be determined Diodrast, when m 
low concentration in the plasma, undergoes vir- 
tually complete clearance, 1 e , it is removed 
from the plasma in a single passage of blood 
through the kidney This substance is excreted 
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largely by the tubules only about 16?o is fil- 
tered through the glomeruli When the amount 
excreted in the urine within a time and the 
plasma concentration are known, the quantity 
of blood that has passed through active renal 
tissue can be calculated For example, if 600 
mg of Diodrast are excreted in the urine per 
minute, and each milliliter of plasma contains 1 
mg , then to deliver 600 mg of Diodrast, 600 
ml of plasma went through the kidney, or with 
a hematocrit of 40, about 1000 ml of blood 
flow 

Mean blood flow has been successfully deter- 
mined through the coronary circulation with 
nitrous oxide inhalation and through the cere- 
bral circulation with nitrous oxide or krypton 
mhalation It is the only method available for 
such studies in man (Fig 3 138) In use in the 
heart or brain, several simultaneous arterial 
(any artery) and venous (coronary sinus for the 
heart and the internal jugular vein for the 
brain) samples are drawn from the beginning of 
N 2 O inhalation (mixture of nitrogen, 64%, 
N 2 O, 15%, O 2 , 21%) to the time of its equilib- 
rium in the bloodstream or during denitrogena- 
tion after previous inhalation of the nitrogen 
mixture Continuous simultaneous samples can 
also be drawn from the artery and vein for 
analysis The flow per unit of time through 
these organs is equal to the amount of the sub- 
stance taken up by that organ in a given time 
divided by the difference in concentration of 
the substance m the arterial blood and venous 
drainage of the organ in the same time period 
The denominator in the Fick equation is found 
by computing the integrated difference be- 
tween the concentrations of NgO in arterial and 
venous blood during the period of equilibration 
with a low concentration of N 2 O The concen- 
tration of gas m the tissue at the time of equili- 
bration (the numerator m the Fick equation) is 
unobtainable directly and is assumed to be 
equal to the product of the venous blood con- 
centration of the gas (after equilibrium is es- 
tablished) and a partition coefficient (1 0 in 
case of the heart and 1 3 for the brain) When 
the equation is multiplied by 100, units for 
blood flow are obtained which are expressed as 
milliliters of flow per 100 g of heart or myo- 
cardium 

INDICATOR DILUTION PRINCIPLE 

The principle is based on observation of the 
rate at which a known quantity of material m- 


troduced into a vessel or heart cavity is diluted 
by blood flow through the vessel or cavity In 
the principle as originally applied by Stewart 
and modified by Hamilton, it has been shown 
that the average rate of blood flow can be 
stated 

F - F/J f C dt 

where F = average rate of flow, E = total 
quantity injected, C = instantaneous concen- 
tration of the injected material From this rela- 
tionship, it is possible to determine the average 
flow rate in almost any cavity or vessel of rea- 
sonable size if the amount of injected material 
is known and if the concentration-time func- 
tion can be accurately determined (Fig 3 139) 

Slood VelocGuv 

Of the two measurements, volume flow of 
blood in milliliters per minute and the velocity 

mg/L 



Fig 3 139 Concentration curves resulting from con- 
tinuous infusions of brilliant vital red (BVR) and rapid 
injection of T1 824 (Evans blue) both started at zero 
seconds Short horizontal line and figure denote the 
expected concentration plateau level of the continuous 
m'usion on the basis of instantaneous injection (1) 
(Howard et al 1953} 
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of flow m centimeters per second, the former is 
probably more important The major function 
of the circulation is to supply the metabolic 
needs of the tissues and volume flow is closely 
related to this, whereas measurement of ve- 
locity of flow alone does not necessarily tell us 
anything about the blood supply to the tissues 
The relation between the observed velocity and 
volume flow is not consistent For example, in 
the presence of local constriction in a vessel 
without constriction in other areas, flow ve- 
locity will increase, but flow will decrease In 
the presence of general as well as local constric- 
tion, velocity and volume flow will both de- 
crease Despite this, knowledge of the flow ve- 
locity is highly important to an understanding 
of hemodynamics of the circulation Flow ve- 
locity measurements have been made under 
direct vision, by use of the various flow meters 
that have been described, by observation of 
movement of injected substances, and finally, 
by determination of the differential pressure 
within an unopened and unrestrained vessel 
Visualization. There is a natural tendency 
to assume that when one actually sees the 
movement of blood within a vessel, this must 
supply the most certain evidence of blood ve- 
locity However, when this is done, one tends 
to be impressed by the movement of the red 
cells and not by that of the blood as a whole 
Flow Meters. By insertion into or applica- 
tion onto a blood vessel of almost any of the 
flow meters described, one automatically meas- 
ures the velocity of flow since the meter insures 
a fixed diameter through which the flow occurs 
Movement of Injected Materials. Various 
noteworthy attempts have been made to follow 
cyclic changes m velocity in the unopened 
vessel by recording the movements of various 
injected foreign materials such as air bubbles, 
dyes, and x-ray opaque fluid The technique is 
difficult since the moving front of the injected 
material, i e , the difference of optical density 
between blood and the contrasting medium, is 
often difficult to detect This is because the 
velocity IS not the same at different points 
along the radius of the blood column, the flow 
being much greater in the axial part of the 
stream than toward the periphery, and also 
because the flow is not always unidirectional A 
mean or average velocity is obtained which is 
derived from the flow indicated by mean flow 
hieters. It, of course, ignores very large fluctua- 
tions m velocity which occur during a cardiac 


cycle The moment-to-moment or phasic ve- 
locity IS recorded by those pulsatile flow meters 
with a frequency of response sufficiently rapid 
to follow it 

Differential Pressure Velocity The instan- 
taneous blood velocity has been determined in 
the aorta and arteries from the instantaneous 
pressure difference between two points located 
along the axis of flow or along the vessel (Sect 
3, chap 1, Fig 3 29) Such pressure gradients 
have been measured by simultaneous recording 
of arterial pressure at the two points either with 
individual pressure manometers or by use of a 
double lumen catheter attached to a differential 
pressure strain gauge In the double lumen 
catheter which has been used in the aorta of 
humans, the lateral opening of one catheter tip 
opens at a point about 5 cm from the other 
From the pressure gradients, velocity curves 
and flow curves have been calculated which 
agree well with those directly measured 

A rough approximation to mean linear aortic 
velocity m man can be made using the cardiac 
output and the cross-sectional area of the aorta 
(measured in a cadaver of the same size) 

The mean velocity (u), in cm /sec equals 
cardiac output (V) in ml /sec /cross-sectional 
area (A) in cm^ 

lT- V/A 

For a human aorta of radius 1 0 cm and car- 
diac output 5 liters/min , the mean velocity 
would be 

V aorta = 83/3 = 28 cm /sec 

This IS mean flow Since flow is pulsatile, the 
velocity at systolic peak is perhaps three times 
this value and much less at diastolic nadir 

CIRCULATION TIME (CT) 

Circulation time is defined as the shortest 
time which a particle of blood takes to go from 
one point in the circulation to another Circula- 
tion time is most often determined for a por- 
tion of the circulation, such as from the right to 
left side of the heart 

The circulation time of a particle of a sub- 
stance can be accurately determined if it is in- 
jected instantaneously into a blood vessel, if it 
moves at the same rate as the blood stream and 
if its arrival further down the vessel is accu- 
rately detected Practically, the situation is 
much more complicated. When a reasonable 
amount of a substance is injected, its arrival 
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Fig 3 140 Schematic diagram illustrating the rela 
tion between circulation time volume flow and the vol 
ume of the vascular bed 

time IS so spread out at the downstream detec- 
tion point that detection is difficult If the cir- 
culation time IS made across an organ or a 
major portion of the circulatory system, the 
spreadout is even greater In addition, if all the 
blood channels between the two points are not 
approximately uniform in length and diameter, 
only a part of the blood will pass from point to 
point at the rate indicated by the measure- 
ment Despite these considerations, measure- 
ments of circulation time can be semi quanti- 
tative 

The clinical methods for estimating circula- 
tion time use injected substances, such as De- 
cholin and ether, that signal their arrival by 
effects on special receptors, such as the taste 
budds in the tongue With Decholin, the 
normal range of arm to tongue (bitter taste) 
time IS 8 to 17 sec , with ether, the normal arm 
to lung (patient first smells ether) is from 4 to 8 
sec For greater precision in experimental in- 
vestigations, these classical methods have been 


superseded by the injection of dyes and radio- 
active tracers which can be easily and objec- 
tively detected by densitometers, conductivity 
cells and isotope counters The mam technical 
difficulty IS the proper calculation of the av- 
erage transit time In a sv mmetncal curve, the 
mean (average of all transit times), the mode 
(time coordinate of the peak), and the median 
(time coordinate which halves the area) all co- 
incide But as the curve becomes asymmetrical, 
and particularly as the terminal portion 
stretches out more m time than the initial part, 
the three measures depart mor^ and more from 
each other The mean circulation time (MCT) 
it takes all dye to pass is computed as the 
center of grav ity of the curve 

The significance of a change in circulation 
time IS debatable The circulation time be- 
tween two points in the vascular system is 
equal to the volume of the vessels between the 
two points divided by the flow (Fig 3 140) The 
validity of this relationship has been checked in 
glass models and mathematically It is obvious 
that a change in circulation time could be due 
to a change in volume of the vascular bed be- 
tween the point of injection and sampling, as 
well as to change m flow Since change in flow 
follows any vasomotor change, and since the 
resultant redistribution of pressures causes local 
volume change, both numerator and denomi- 
nator of the ratio for circulation time (volume 
over flow) change simultaneously They gener- 
ally change in the same direction, and so the 
circulation time could be a very poor indicator 
of blood flow, volume of blood, or vasomotor 
change 



§ / CONTROL MECHANISMS OF THE 
CIRCULATORY SYSTEM 


Functional Organization of the 
Vascular Bed 

The sequential segments of the circulatory 
system are functionally differentiated as illus- 
trated in Figure 3 141 These series-coupled 
segments make up the vascular beds for the 
various tissues The circulatory system consists 
of a set of these circuits coupled in parallel 
(Fig 3 142) 

Vessels may be classified in accordance with 
their function as follows (Folkow, 1960) 

1) Wmdkessel vessels, which convert pulsatile 
inflow to a somewhat smoothed outflow 

2) Resistance vessels, chiefly the small arteries, 
the arterioles, and to a lesser extent the cap- 
illaries and smallest vessels 

a) Precapillary resistance resides chiefly in 
the small artenes and arterioles, it is the 
major site of resistance to flow 

b) Postcapillary resistance is determined by 
the venules and veins Capillary hydro- 
static pressure and, thus, filtration -ab- 
sorption exchange, is determined by the 
ratio of precapillary to postcapillary re- 
sistance 

3) Sphincter vessels, terminal segments of pre- 
capillary arterioles which can constrict and 
restrict or shut off capillary flow They de- 
termine the number of open capillaries and 
hence the area of capillary exchange surface 

4) Exchange vessels, the capillaries, which are 
not contractile, but respond passively to 
changes in resistance and sphincter vessels 

5) Capacitance vessels, chiefly veins which 
through diameter changes having little in- 
fluence on resistance can effect marked 
shifts of blood volume and thus affect car- 
diac venous return and volume flow dramat- 
ically They contain about 80% of regional 
blood volume 

6) Shunt vessels arteriovenous anastomoses 
found m some tissues, where they allow 
bypass of exchange vessels 
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Resistance and capacitance vessels may react 
differently m accordance with their differing 
functions Thus, epinephrine dilates some re 
sistance vessels while constricting capacity ves- 
sels, norepinephrine constricts both, but affects 
capacity vessels most 

Control of Vascular Smooth Muscle 

LOCAL CONTROL 

The smallest blood vessels have an inherent, 
myogenic automaticity or basal degree of con 
traction of their contained smooth muscle 
which is independent of blood borne substances 
or nervous influences, but which can be altered 
by stimulation of nerve fibers, local electrical 
stimulation, or by changing the physical and 
chemical environment The mechanism of this 
inherent vasomotion is unknown Presumably, 
it arises from locally produced metabolites 
which can have complex effects Locally, about 
the arterioles, precapillaries and capillaries, 
there are released norepinephrine, acetylcho- 
line, CO 2 , lactic acid, products of nuclear 
metabolism, and presumably many other sub 
stances, which can act m many different ways 
on these vessels 

Several potent vasoactive substances such 
as histamine, prostaglandins, serotonin, and 
adenosine tn- and diphosphate are found in 
various tissues, but their importance in local 
vascular regulation has not been established 
The extent of such basal vasomotion has been 
evaluated in sympathectomized, vascular 
areas where neurohumoral, constrictor influ- 
ences are eliminated 

Although large quantitative differences exist 
m different parts of the vascular tree, generally 
speaking there is an inverse relation between 
the local, inherent activity of smooth muscle 
cells and the extent of neurohumoral control in 
any given vascular bed The cutaneous arterio- 
venous anastomoses, such as in the paw of the 
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cat, which are strongly controlled from the 
hypothalamic heat loss center, are maximally 
dilated when neurohumorai agents are elimi- 
nated, while elimination of the vasomotor 
nerves serving vitally important metabolic 
areas, such as the brain and myocardium, has 
scarcely any effect on the local blood flow In 
areas such as skeletal muscle, neural elimina- 
tion still leaves a very strong vessel tone in the 
dog and man, which is increased with time 
Indeed, some investigators have expressed the 
belief that in skeletal muscle, blood flow is 
mainly under local control by metabolites, and 
not nerves, since subjects with sympathec- 
tomized legs do as well running (athletes and 
normals) before and after sympathectomy Evi- 
dence suggests that reactivity to local metabolic 
effects IS stronger in the metarterioles and pre- 
capillary sphincters, whereas constrictor fibers 
predominantly affect the arterioles, indicating 
that a difference in type of control may exist 
within the same vascular bed Presumably, m 
all beds, there is some locally produced vasodi- 
lation which counteracts the centrally induced 
reduction in blood flow by constrictor nerves 
and protects the tissue against ischemia (see 
“Autoregulation” p 3-6 et seq ) 

Myogenic smooth muscle reactions to stretch 
also operate in local vascular control This has 
been termed the "'Bayliss mechanism,'" since 


this investigator first proposed that increased 
stretch might increase vascular tone A variety 
of experimental observations m vivo and in 
vitro have confirmed that passive stretch stimu- 
lates contractile activity of vascular smooth 
muscle Two major objections to a regulatory 
myogenic mechanism have been offered on a 
prion grounds 1) Increased vasoconstrictor 
response to increased wall tension constitutes a 
positive feedback response leading to instability 
in the cardiovascular system Thus, increased 
blood pressure would elevate flow resistance 
which would further raise the blood pressure, 
leading to additional vasoconstriction, and so 
on 2) Smooth muscle contractile response to 
vascular distention would tend to abolish the 
stimulus of stretch The vessel might thus oscil- 
late around a diameter somewhat greater than 
that at the time of the stretch stimulus These 
objections are not necessarily valid The pos- 
sible instability caused by positive feedback 
could be limited by “metabolic vasodilators” 
and the maximum range of vasomotor re- 
sponse Considering the structural complexity 
of passive elastic and viscous elements m vessel 
walls, the circular, spiral, and longitudinal ar- 
rangement of the smooth muscle fibers and the 
tortuosity of some arteries, it is unlikely that 
myogenic response to stretch would operate 
only within rigid diameter limits Thus, both 
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local metabolic dilator factors and myogenic 
mechanisms may be envisioned as functioning 
together to produce autoregulation (Mellander 
and Johansson, 1968, Mellander, 1970) 

SYMPATHETIC VASOCONSTRICTOR FIBERS 

Distribution. These were discovered in 1852 
by Claude Bernard, who stimulated the cervical 
sympathetic nerve in the rabbit and observed 
constriction of the vessels of the ear They be- 
long to the thoracico lumbar (sympathetic) divi- 
sion of the involuntary nervous system The 
constrictor fibers arise from groups of nerve 



Blood Flow ml/mmxIOOg Tissue 


Rest blood Max blood Organ 
flow flow weight 

(l/mm ) (l/min ) (kg) 


Myocardium 

0 21 

1 2 

0 3 

CNS 

0 75 

2 1 

1 5 

Skeletal muscle 

0 75 

18 0 

30 0 

G-I tract 

0 7 

5 5 

2 0 

Liver (hep artery) 

0 5 

3 0 

1 7 

Skin 

0 2 

3 8 

2 1 

Kidney 

1 2 

1 4 

0 3 

Salivary glands 

0 02 

0 25 

0 05 

Fat 

0 8 

3 0 

10 0 

Total « 

5 1 

38 0 

48 0 


Fig 3 142 Upper bar graph representing approxi- 
mate blood flows in various organs at maximal vasodila- 
tation (total bar) and at rest (hatched areas) in ml /min 
X 100 g tissue at perfusion pressure of 100 mm Hg 
Lower, approximate values for regional blood flows in a 
70-kg nf)an at rest' and at maximal dilatation, deduced 
from organ weights The organs included comprise 
about 70% of total body weight (Redrawn from Mel- 
lander and Johansson 1 968 ) 


cells Situated in the lateral horns of the spinal 
gray matter, extending m man from the first 
thoracic to the second or third lumbar segment 
inclusive All the arterioles of the body wher 
ever situated are supplied with filaments which 
have their ultimate source m this relatively lim- 
ited region of the central nervous system They 
are distributed to the periphery m the manner 
elsewhere described for the thoracicolumbar 
outflow m general (see also sect 9, chap 3) 
The vascular nerves of the limbs, as shown by 
Kramer and Todd (1914), are distributed by 
two distinct modes 1) A proximal innervation 
arises in the case of the vessels of the upper 
limb directly from the cervical part of the sym- 
pathetic chain — middle and inferior cervical 
ganglia The fibers pass to the subclavian artery 
and are conveyed in a plexiform manner along 
the outer coat of this vessel and its branches, 
and into the arm along the axillary artery The 
corresponding supply to the vessels of the lower 
limb IS derived by extension from the aortic 
plexus in the abdomen The fibers follow the 
common and external iliac arteries into the 
thigh The sympathetic fibers derived in the 
manner just described do not extend beyond 
the larger vessels of the limbs (proximal por- 
tions of the brachial and femoral arteries) 2) A 
distal innervation is carried to the peripheral 
vessels via the spinal nerve trunks These 
nerves reach the arteries at different levels and, 
penetrating the vascular wall, form a nerve net 
surrounding the muscular coat, the highest 
level of this type of innervation probably over- 
laps the region innervated by the proximal 
group of fibers mentioned above Adrenergic 
nerve endings have been identified m all the 
sequential sections of the vascular beds except 
the true capillaries Precapillary resistance ves- 
sels (small arteries and arterioles) have, in gen- 
eral, a rich innervation In the smallest precap- 
illary vessels the number of fibers is small 
However, there is experimental evidence for 
neurogenic constriction of precapillary sphinc- 
ters The venules have fewer adrenergic fibers 
than the larger veins, which, themselves, are 
less richly innervated than the precapillary ves- 
sels It IS solely through such sympathetic fibers 
traveling with somatic nerve trunks that con- 
strictor impulses are conveyed to the minute 
vessels of the limbs Ganglion cells are absent 
from the vessels of the limbs Section of a pe- 
ripheral nerve, therefore, causes complete de- 
generation of vasoconstrictor fibers in the area 
of its distribution 
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Vasoconstrictor fibers to the head and neck 
are conveyed from the s>mpathetic chain 
through plexuses investing the blood vessels, 
but also via peripheral nerve trunks (cervical 
and certain cranial nerves) The vessels of the 
abdomen and pelvis are supplied with fibers 
which pass along the vascular walls from 
plexuses surrounding the aorta and its 
branches The sympathetic fibers to the heart 
arise chiefly in five upper dorsal segments of 
the cord, pass to the stellate ganglia and upper 
dorsal ganglia as white rami, and proceed to 
the heart by a complex plexus Although the 
coronary vasomotor effect of sympathetic stim- 
ulation IS overshadowed by metabolic, ino- 
tropic, and chronotropic effects associated with 
vasodilatation, stimulation of sympathetic C 
factors has been shown to cause active vasodila- 
tation directly when other factors are controlled 
(see p 3-139) 

Site and Mode of Action These nerve fi- 
bers constitute a group of powerful vasocon- 
strictor mechanisms The physiological dis- 
charge rate of the vasoconstrictor fibers is 1 to 
2/sec to maintain normal vessel tone and 
reaches 10 impulses/sec , with maximal physio- 
logical excitation The chemical transmitter 
released at the smooth muscle cell is norepi- 
nephrine, and norepinephrine is released into 
the blood stream on intense sympathetic stimu- 
lation However, such an overflow does not 
usually occur at physiological discharge rates 
These constrictor fibers exert control over the 
resistance vessels (arterioles and adjacent 
smaller blood vessels) where the main drop in 
blood pressure from the arterial to the venous 
system occurs This can be observed by noting 
the marked increase m blood flow m a vasocon- 
stricted limb immediately following sympa- 
thetic blockade The precapillary resistance 
vessels are controlled by constrictor fibers, but 
during prolonged constriction accumulation of 
“vasodilator metabolites” can oppose neuro- 
genic influence, relaxing precapillary sphinc- 
ters 

In addition, these fibers exert strong control 
over the heart size and the capacity vessels, 
mainly the veins, and can alter greatly the ve- 
nous return to the heart and, thus, markedly 
influence cardiac output To establish this ca- 
pacitance action, pressure changes occurring m 
functionally isolated parts of the superficial and 
deep venous system of dog and man were used 
to indicate changes in venous constriction, and 
evidence of a reflex constriction to a variety of 


stimuli was obtained Isolated venous segments 
in the intact forearm constrict after reflex sym- 
pathetic stimulation by cold, excitement, etc 
Venoconstriction m the forearm occurs m re- 
sponse to pooling of blood in the leg Similar 
observations have been made on the capacity 
vessels of the splanchnic area These effects are 
abolished by constrictor fiber blockade by hexa- 
methomum Possibly the most clear-cut experi- 
ments in dogs on the quantitative importance 
of the sympathetic system in adjusting total 
vascular volume, and hence, venous return and 
cardiac output, are those in which a pump, 
with output which remained constant under 
marked variations of peripheral resistance, was 
substituted for the left ventricle of a dog The 
pulmonary drainage of blood was carried to a 
reservoir by means of a plastic tube in the left 
atrium The blood was pumped from the reser- 
voir through a T tube in the descending tho- 
racic aorta Under equilibrium conditions (res- 
ervoir level remaining constant), if norepineph- 
rine (which simulates sympathetic vasocon- 
striction in physiological dosages) was injected 
into the dog, there was not only an increase in 
vascular pressures but also approximately 250 
ml (one-fifth of the dog’s blood volume) was 
forced into the pulmonary drainage reservoir 
feeding the mechanical left ventricle This 
could come only from the venous system and 
the right heart When hexamethonium (simu- 
lating a functional sympathectomy) was in- 
jected instead of norepinephrine, the pressures 
fell and the dog took up 200 to 300 ml of 
blood from the reservoir Further work has ex- 
tended these findings to man In normal man, 
removal of large amounts of blood in 50-ml 
increments produces little change in vascular 
pressure or hemodynamics But, if done foilow- 
mg inhibition of sympathetic vasoconstrictor re- 
flexes with hexamethonium, then with each 50 
ml of blood withdrawn, there is a perceptible 
decline in blood pressure After removal of only 
350 to 500 ml of blood, the arterial pressure 
falls, by decrements, to collapse levels During 
remfusion, the process is reversed Thus, sym- 
pathetic vasoconstrictor inhibition has con- 
verted the vasculature into a static system In 
addition, using the pressure-volume apparatus 
of Litter and associates (1954), which can be 
applied to the extremities of man, it is calcu- 
lated that infused epinephrine and norepi- 
nephrine can shift as much as 500 ml of blood 
from the veins of dependent limbs in a short 
penod of time 
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These effects of constrictor fibers on venous 
volume can considerably change venous return 
by very small changes in vein caliber For ex- 
ample, if the veins contain 60% of blood 
volume of which 1 to 2% make up the stroke 
volume of the ventricles, a 1 to 2% shortening 
of venous vascular smooth muscle would be es- 
timated to double diastolic inflow to the heart, 
this same amount of constriction of the resist- 
ance vessels would only insignificantly increase 
the peripheral resistance 

Excitation of sympathetic vasoconstrictor fi- 
bers affects somewhat the aortic smooth muscle 
cells and possibly other arteries Presumably, 
the effect is mainly a change in vascular disten- 
sibility and only secondarily are mild pressure 
changes along the arterial tree produced (see 
also Chap 11) In general, however, the effect 
is small In vessels from the root of the aorta 
down to arteries of 1 mm , induced changes in 
diameter are probably less than 5% of total 
diameter even with marked vasoconstriction or 
vasodilation 

Functional Significance. Experimental 
evidence now indicates that these vasocon- 
strictor fibers are responsible for blood pressure 
homeostasis (vascular adjustments derived from 
the baro- and chemoreceptors), and for the reg- 
ulation of heat loss by the skin blood flow 
Thus, the most common type of centrally in- 
duced vasodilation is caused simply by an inhi- 
bition of vascular tone In fulfilling their role as 
the mam neurogenic adjustors of the peripheral 
circulation, the vasoconstrictor fibers may show 
a generalized, strictly segmental, or regional 
function, depending upon the type of stimulus 
Central Control. The control of the degree 
and sites of vasoconstriction depends predomi- 
nantly on the influence of hormonal action and 
on the action of the central nervous system 
The Spinal Cord The preganglionic sympa- 
thetic neurons may, under some circumstances, 
exhibit spontaneous activity independent of an 
excitatory drive from afferent fibers or central 
levels This spontaneous discharge may arise 
from a changed oxygen and CO 2 tension which 
IS prone to occur in a spinal preparation m 
which neuronal respiration and blood supply 
are without doubt considerably altered 
Various afferent impulses are able to call 
forth spinal vasomotor reflexes, the vasocon- 
strictor neurons form the efferent link Pain or 
cold stimulation in the skin induces a segmen- 
tally arranged constriction of the intestinal ves- 


sels in such spinal animals Vasodilation occurs 
when the skin is moderately heated More m 
tense and widespread effects are seen in hu 
mans with chronic transverse lesions of the 
spinal cord Guttman and Whitteridge ( 1947 ) 
showed the existence of powerful reflexes, m 
the spinal man, arising from the hollow viscera 
In patients with high spinal transection, dis 
tension of the bladder would laise the blood 
pressure from normal levels to 300/140 nun 
Hg This is ascribed to the action of reflexes 
initiated by the tension m the bladder wall and 
mediated by the isolated spinal cord and the 
sympathetic outflow There could also be 
demonstrated vasoconstriction in the hand 
and a fall in calf blood flow These phenomena 
are consistent with a very widespread vaso 
constriction as a result of afferent impulses 
which spread to an unusual extent in the iso 
lated spinal cord 

Medulla The constrictor sympathetic vas 
cular effects are controlled primarily by areas in 
the medulla oblongata situated in the floor of 
the fourth ventricle Local electrical stimulation 
has revealed a lateral “pressor area” and a 
medial “depressor area” causing vasocon 
stnction and vasodilation, respectively The 
vasodilation is caused by inhibition of vasocon- 
strictor tone, specific vasodilator fibers not 
being involved This area is defined simply as 
the vasomotor center but does not represent the 
highest centers of this system The latter are 
situated in the hypothalamus and in the cere- 
bral cortex In the intact mammal, complicated 
afferent influences integrated in the cerebral 
cortex and hypothalamus modify and control 
the action of the vasomotor center 

The state of activity of the medullary vaso- 
motor center depends upon afferent nerve im- 
pulses received from various organs and regions 
of the body, as well as from other nervous cen- 
ters, respiratory centers, etc , and upon the 
chemical composition of the blood In turn, the 
contractility of the heart, the relative peripheral 
resistance and, hence, the cardiac output, with 
its distribution to the various organs, are all 
mainly controlled by the medulla oblongata 
responding to impulses from all tissues of the 
body, including the spinal cord and other por- 
tions of the brain itself 

The vasomotor center exhibits inherent au- 
tomaticity, since its continuous discharge goes 
on even after elimination of all incoming nerve 
influences Section of the brainstem above the 
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medulla does not affect blood pressure, indi- 
cating that upper areas do not dominate vaso- 
motor outflow from the sympathetic nervous 
system However, such control may be demon- 
strated by sectioning the cord in the lower cer- 
vical region This interrupts the stream of vaso- 
constrictor impulses passing from the medullary 
to the spinal centers, the vessels dilate and the 
blood pressure falls After a time, however, the 
blood pressure rises again, the spinal centers 
exhibit their inherent power of autonomous ac- 
tion, and assuming the duties hitherto exer- 
cised by the medullary centers, restore the ves- 
sels to their previous state of tonic constriction 
The time required for the vessels to regain their 
tone after section of the cord varies consider- 
ably m different species 

The high degree of vasoconstrictor tone 
which IS normally maintained is shown by the 
fact that section of the splanchnic nerves dou- 
bles the flow in vessels of the denervated area 
(Burton- Opitz, 1903) After the loss of tone re- 
sulting from cord section has been restored (see 
above) it falls again if the splanchnic nerves are 
sectioned, but after a time a certain degree of 
tone IS regained This resides in the vascular 
muscle itself—pmp/iera/ tone Apparently, a 
long period is required for the development of 
the intrinsic arteriolar tone 

The Hypothalamus In the hypothalamus, 
electrical stimulation shows the existence of 
both excitatory and inhibitory neurons which, 
presumably, have much to do with blood pres- 
sure regulation It must be remembered that 
drastic redistribution of blood flow following 
extensive changes in the discharge of the con- 
strictor fibers to some areas is often concealed 
behind slight blood pressure changes and, 
hence, blood pressure change alone is not a reli- 
able guide Recently, the hypothalamic area has 
been explored for structures from which a pure 
inhibition of sympathetic activity could be in- 
duced Such a structure, of very restricted di- 
mensions, has been localized in the anterior 
part of the hypothalamus, only a few millime- 
ters from the relay station of the sympathetic 
vasodilator fibers (see next section) From this 
area, topical stimulation induces a generalized, 
often very marked, inhibition of sympathetic 
discharge affecting both resistance and capaci- 
tance vessels 

An immediate and persistent lowering of 
blood pressure in both normotensive and renal 
hypertensive dogs occurs following large bilat- 


eral coagulations involving the hypothalamic 
area This lowering of blood pressure is small m 
magnitude but is as marked as that resulting 
permanently from bilateral sympathectomy and 
low cervical cord transection Whether this 
lowering in blood pressure has a neural or an 
endocrine basis has not been determined It is 
not due to the absence of the neurohypophysial 
antidiuretic principle, because precipitation of 
a maximal diabetes insipidus (functional neuro- 
hypophysectomy) has been accomplished 
without affecting blood pressure It is believed 
not to be due to a neighboring adenohypo- 
physial hypofunction, because the lowering of 
pressure following adenohypophysectomy is 
delayed rather than immediate as is the case 
following hypothalamectomy It is perhaps asso- 
ciated with the immediate and marked de- 
crease m basal energy metabolism which super- 
venes following appropriate hypothalamec- 
tomies 

In addition, there is a “heat loss center” in 
the antenor parts of the hypothalamus which 
controls the discharge to the vasoconstrictor 
fibers of the cutaneous blood vessels, and, thus, 
plays an important role m adjusting blood pres- 
sure Electrical stimulation or local cooling of 
this area brings about a rise in blood pressure 
(vasoconstriction) while direct warming of this 
region produces a fall in blood pressure (vasodi- 
lation) The cutaneous arterioles and precapil- 
lary vessels, and, especially, the arteriovenous 
anastomoses (shunts), are the vessels most 
sensitively engaged in control of heat loss 
However, Keller (1960) has marshalled evi- 
dence to indicate that vasoconstrictor impulses 
responsible for the maintained contraction of 
cutaneous blood vessels do not take origin from 
the hypothalamus as evidenced by the follow- 
ing experiments An asymmetry in the ear ves- 
sels and in skin temperature (Horner’s syn- 
drome) does not follow unilateral lesions in the 
hypothalamus or hemisection of the brainstem 
at a midbram, pontile, or upper medullary 
level, nor does a complete transection of the 
midbram or pons results in generalized cu- 
taneous vasodilation Ipsilateral vasodilation 
does occur following hemisection of the lower 
medulla and this approximates in magnitude 
and duration that which follows hemisection of 
the cervical cord 

Diencephalic stimulation in the region of the 
H 2 fields of Forel m the chloralosed dog pro- 
duces changes m heart rate and blood flow 
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distribution similar to those which occur in 
exercise 

Cerebral Cortex Quite a number of studies 
of cortical vasoconstrictor fiber control are 
available, but relatively little is known about 
the circulatory adjustments Stimulation of the 
motor and premotor cerebral cortex results in 
marked elevation of blood pressure with con- 
striction of the cutaneous, splanchnic, and 
renal vessels, and, at the same time, a consider- 
able vasodilation m the skeletal muscle It is 
believed that these higher centers play signifi- 
cant roles in blood pressure response to pain 
and anxiety 

VASODILATOR FIBERS 
Dilator impulses emerge from the central 
nervous system by 1) the thoracicolumbar out- 
flow, 2) the cranial outflow of the parasympa- 
thetic division reaching the periphery by way of 
the chorda tympani, glossopharyngeal, and 
vagus nerves, 3) the sacral outflow of the pelvic 
nerve, and 4) the posterior spinal nerve roots — 
antidromic impulses 

Sympathetic Vasodilator Fibers. The 
question of dilator fibers in the sympathetic 
system has been much debated About 15 years 
ago, it was generally believed that they took an 
active part in regulation of vascular tone, their 
activity being governed by the medulla, and 
that such fibers were distributed to the skeletal 
muscles, the facial muscles, the buccal mucosa, 
the coronaries, the intestines, and to certain 
skin areas, such as the ear These findings were 
based on direct stimulation of sympathetic fi- 
bers and the recording of volume changes by 
plethysmography Direct measurement of blood 
flow (volume changes by plethysmography do 
not always mean change in blood flow), and 
location of an area of central control has led to 
considerable clarification The control of the 
degree of vasodilation of blood vessels is, in- 
deed, supplemented by a system of efferent di- 
lator nerves transmitting from the central 
nervous system, but this seems to be distrib- 
uted only to skeletal muscle Electrical stimula- 
tion of the sympathetic fibers usually brings 
about vasoconstriction in the innervated area, 
since the action of the vasoconstrictor influence 
usually predominates over that of vasodilation 
But, if the vasoconstrictor response is first 
blocked by a-adrenergic blockade or reserpim- 
zation, electrical stimulation will produce vaso- 
dilation if die sympathetic outflow contains 


vasodilator fibers The existence of a sympa- 
thetic vasodilator innervation to skeletal muscle 
of the dog and cat has been established by this 
technique, but appears to be absent in rabbits 
and certain other mammals The vasodilator 
nerves may also be activated by topical stimula 
tion m the brain (hypothalamus), with the re 
suit that venous outflow from skeletal muscle of 
the hind leg of the dog may increase 4 to 5 
times (as does the local lactic acid production), 
but the oxygen usage may decrease, suggesting 
that shunts are being utilized and capillary flow 
is reduced In addition, such stimulation results 
in release of epinephrine from the adrenal 
glands This increased rate of blood flow ap- 
proximates maximum dilation achieved by 
other means, such as acetylcholine injection 
Since blood flow in the human forearm in- 
creases during fainting, a potent means of vaso- 
dilation must be present m humans Also, since 
the blood pressure falls, and the blood flow is 
greater in the normal forearm than in a nerve- 
blocked forearm during syncope, this might be 
explained by active vasodilation in the normal 
forearm excited by sympathetic fibers to the 
muscles The transmitter is believed to be ace- 
tylcholine and the fibers are exclusively cholin- 
ergic, 1 e , they are blocked by small amounts 
of atropine They take their origin m the motor 
cortex, synapse in the hypothalamus, pass as a 
thin bundle through the ventrolateral portion of 
the medulla oblongata, and down to the lateral 
horn of the spinal medulla where they are re- 
layed to lower motor neurons This pathway is 
anatomically and functionally separate from the 
medullary vasomotor center which mediates 
vasoconstrictor activity The functional signifi- 
cance of the vasodilator fibers is unknown, but 
it has been suggested that they are activated m 
response to cerebral activity, presumably m 
association with, or in anticipation of skeletal 
muscle activity The precapillary sphincters 
and capacitance vessels m muscle seem to lack 
this cholinergic innervation Conclusive evi- 
dences for the existence of these cholinergic 
vasodilators fibers m man is lacking 
Parasympathetic Vasodilator Fibers. The 
parasympathetic vasodilator fibers run to re- 
stricted cranial and sacral areas such as the 
cerebral vessels, tongue, salivary glands, ex- 
ternal genitalia, and to the bladder and 
rectum These fibers are probably not con- 
cerned with baro- and chemoreceptor control of 
blood vessels, nor are they tonically active It is 
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generally believed that these fibers are cholin- 
ergic, although their vasodilator effect is very 
resistant to atropine In the salivary glands and 
skin there is experimental evidence that nerve 
stimulation causing cholinergic exocrine gland 
secretion results m the release of an enzyme 
which acts on plasma protein to produce the 
vasodilator polypeptide, bradykmm (see p 
3-214) While bradykinin has been proposed as 
the mediator of vasodilation m association 
with glandular activity, there is evidence that 
the role of kinms is only of limited or perhaps 
no importance (Kellermeyer and Graham, 
1968) Their distribution to a few areas with 
highly specialized functions makes it probable 
that their function is associated with the spe- 
cial tissue in which they are located 
Antidromic Vasodilator Impulses. 
Strieker (1876) years ago reported that stimu- 
lation of the peripheral segments of the cut pos- 
terior roots of the sacral nerves caused dilation 
of the vessels of the dog paw This observation 
was at variance with the Bell-Magendie law 
which states that the posterior roots convey 
only centripetal impulses However, in subse- 
quent years, the former view has been fairly 
well documented Since such fibers do not 
convey the induced impulses to the central 
nervous system, but rather the vasodilator im- 
pulses are conveyed along the fibers in a direc- 
tion opposite to that in which ordinary sensory 
impulses travel, they are called antidromic. It is 
the consensus that these ''dorsal root vasodi- 
lator fibers” are not activated reflexly from the 
central nervous system 
The effective stimulus leading to vessel dila- 
tion may arise in the skin, to be conveyed an- 
tidromically to superficial blood vessels. These 
are called axon reflexes, but they are obviously 
not true reflexes since no nerve cell is involved 
The efferent and afferent limbs of the axon re- 
flex are formed by the branching of a single 
nerve fiber A stimulus applied to one branch 
sets up an impulse which travels centrally to 
the point of division where it is reflected down 
the other branch to an effector organ The most 
familiar type of axon reflex is that which in- 
volves a sensory nerve fiber and through which 
vasodilation is effected 
Dorsal root dilation is of significance only in 
tissues with a relatively rich distribution of 
pain fibers, such as the skin and mucous mem- 
branes Various substances have been indicated 
as the transmitter — a histamine-like substance, 


acetylcholine, and adenosine triphosphate This 
local axon reflex m the skin is induced by any 
factor which causes damage to surface tissues— 
trauma, cooling, heating, frostbite Thus, this 
local mechanism contributes to local defense 
and repair m surface tissues by creating an in- 
crease of local blood flow m response to the 
majority of harmful stimuli 

ADRENAL MEDULLA VS NEURAL 
CONTROL OF BLOOD VESSELS 

Aside from direct neurogenic connections to 
the blood vessels, the presence m the blood 
stream of circulating catecholamines raises the 
question of their role m controlling the circula- 
tion Presumably they appear through some 
form of hypothalamic stimulation 

Vascular Receptors. The concept of a- and 
jd-adrenergic receptors, although an oversimpli- 
fication, is useful to explain vascular responses 
to adrenergic agents a-receptors mediate vaso- 
constriction and ^-receptors mediate vasodila- 
tation The jd- receptor is believed to be without 
mnervation and limited to blood vessels of skel- 
etal muscle and myocardium Norepinephrine, 
which has been shown to be the transmitter of 
sympathetic vasoconstrictor nerves, acts only on 
the a-receptors Epinephrine has both a and 
effects A third receptor for cholinergic effects, 
the y-receptor is postulated for sympathetic 
cholinergic vasodilator action in skeletal 
muscle 

It has been widely assumed, but never 
proved, that the hormones secreted from the 
adrenal medulla markedly contribute to the 
vasomotor control of the blood vessels. Using a 
method that allowed a direct comparison of the 
individual actions of the hormone and vaso- 
motor fibers on peripheral resistance m repre- 
sentative vascular beds, it has been found that 
the blood vessels are completely dominated by 
their vasoconstrictor fibers The contribution 
by the adrenal secretion is negligible, except in 
skeletal muscle, in which small physiological 
concentrations of epinephrine cause almost 
maximal vasodilation On the basis of adrenal 
catecholamine secretion following maximal ex- 
citation of the vasomotor center, it is estimated 
that the maximal secretion is 2 to 3 
/ig./kg /mm Such concentrations of epmeph- 
nne and norepinephrine (probably 10 times the 
normal concentration), when injected intrave- 
nously, dilate the vessels of the skeletal muscles 
and probably those of the liver, but have msig- 
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nificant vasoconstrictor effects in other regions 
when compared with the constrictor fibers 
The importance of the adrenal catechola- 
mines for the motor control of the blood vessels 
is next to insignificant as compared with direct 
vasomotor innervation However, a moderate 
secretion of epinephrine induces extensive met- 
abolic effects in liver cells (which lack direct 
sympathetic innervation) In skeletal muscle, 
physiological amounts of epinephrine produce 
significant jd-receptor dilator response, local- 
ized chiefly to the precapillary vessels This 
reduction in the ratio of precapillary to post- 
capillary resistance, leads to filtration of fluid 
from the intravascular to the extravascular 
space Norepinephrine secretion from the ad- 
renal gland has relatively little influence on the 
blood vessels, either directly or through meta- 
bolic dilation (indirectly) 

RENIN-ANGIOTENSIN SYSTEM 

Angiotensin is the most potent vasocon- 
strictor of biogenic origin known Its produc- 
tion following renal renin release is described 
elsewhere (sect 7, chap 6) The significance of 
the renm-angiotensm system in normal circu- 
latory control IS uncertain, and it would be pre- 
mature to attribute to it a specific role It may 
be that angiotensin is of greater importance in 
the regulation of aldosterone secretion or intra- 
renal vascular control than as a determinant of 
peripheral vascular tone 

VASOPRESSIN SYSTEM 

Normally, plasma concentrations of the 
hypophysial antidiuretic hormone are too low 
to produce significant vasoconstrictor effects 
Thus, its physiological role in cardiovascular 
control is related primarily to long-term regula- 
tion brought about by its influence on water 
reabsorption in the renal tubules However, 
vasopressor concentrations can be reached 
under anesthesia and nonpressor concentra- 
tions potentiate pressor responses to catechola- 
mines Thus, vasopressin may play a vasocon- 
strictor role in emergency situations such as 
hemorrhage and acute surgical procedures 
which are known to induce its release 

THE ROLE OF VASCULAR TONE IN 
VASCULAR FUNCTIONS 

Vascular tone designates the state of contrac- 
tile tension in vessel walls Basal tone is de- 


fined as the degree of contractile tension re 
mainmg in vessels after complete elimination of 
known extrinsic excitatory influences 
Rhythmic contractions of the small precapillary 
vessels has been termed vasomotion the fre- 
quency, duration, and amplitude of these 
phasic constrictions in numerous arterioles in a 
vascular bed determine flow resistance in part 
and their variations represent alterations in 
tone The underlying smooth muscle contractile 
activity may be established by different mecha- 
nisms Myogenic automaticity and propagation, 
which may be modulated by vasomotor nerves 
and vasoactive agents, are characteristic of 
some vessels Other vessels develop tone from 
asynchronous spike discharges in smooth 
muscle cells which are dependent on impulse 
activity in vasomotor nerves Denervation re- 
moves much of such tone Non tetanic -graded 
contractures of smooth muscle may be another 
mechanism Possibly, these various types of 
contractile activity could operate m the same 
vessel, depending on changes in the local ionic 
and metabolic environment 
The consecutive segments of a given vascular 
bed have different degrees of basal tone in 
precapillary resistance vessels tone is high, 
while it IS less m capacitance vessels Flow and 
pressure in capillaries, which are noncontrac- 
tile, IS governed by contractile activity of the 
pre- and postcapillary vessels Thus, the 
number of capillaries carrying blood (i e , the 
active capillary surface area) is determined by 
the frequently rhythmic caliber variations of 
the precapillary sphincters It appears that cap- 
illary permeability remains a constant for a 
given tissue during physiological adjustments of 
vascular tone Capillary exchange variations 
primarily depend upon changes m functional 
capillary surface area and the ratio of precapil- 
lary and postcapillary resistance 
The degree of basal tone varies in different 
tissues it is high in resistance vessels of the 
brain, myocardium, skeletal muscle, and 
splanchnic organs, but is practically absent m 
the arteriovenous anastomoses of the skin 
Vascular Functions. Variations in vascular 
tone are determinants of vascular resistance, 
capillary exchange, arteriovenous shunting, 
vascular capacitance, and vascular compliance 
Luminal diameter, in accordance with the Pois- 
seuille relation (p 3-23) is a dominant factor 
determining vascular resistance to flow and, 
thereby, tissue blood supply for a given artenal 
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pressure The ratio of precapillary to postcapil- 
lary resistance is a major factor influencing 
capillary hydrostatic pressure and thus fluid fil- 
tration and absorption in accordance with the 
Starling mechanism (sect 4, chap 12) The ad- 
justment of fluid volume distributions between 
the intravascular and extra vascular compart- 
ments depends upon net filtration or absorp- 
tion which are markedly influenced by the re- 
sistance ratio of precapillary and postcapillary 
vessels Further, the capillary surface area 
available for exchange, capillary flow volume 
and capillary flow velocity are dependent on 
the resistance of precapillary sphincters 
Shunting of blood around capillary exchange 
networks is important, for example, in the skin 
circulation Here arteriovenous anastomoses 
can dilate, accommodating large volume flow 
for thermoregulatory purposes, without dis- 
turbing capillary flow Increased tone m capaci- 
tance vessels, venules and veins, permits mobi- 
lization of blood and decreases compliance to 
prevent blood pooling, factors which promote 
venous return to the heart Finally, alterations 
m arterial wall compliance influence pulsatile 
pressure and volume transmission through ar- 
terial circuits 

VASCULAR CIRCULATORY DIMENSIONS 
AND VESSEL TONE 

As shown in Figure 3 142, the parallel cou- 
pled vascular circuits to individual organs differ 
markedly in the ratio of resting to maximal 
flow rates Three relations are distinguishable 

1) Vascular beds in which dimensions are 
sufficient so that with maximal dilatation blood 
flow and capillary surface area will meet max- 
imal metabolic needs, eg, myocardium and 
central nervous system 

2) Vascular beds too small to provide for 
maximal metabolic activity, e g , skeletal mus- 
cle, which during strenuous exercise must go 
into “oxygen debt ” 

3) Vascular beds m which maximal vascular 
dimensions exceed maximal metabolic needs, 
e g , kidney, skin, glands, and adipose tissue 
Here regional circulation has functions in addi- 
tion to supply of nutriments and removal of 
wastes, e g , excretory function of the kidney, 
thermoregulatory function of the skin, glan- 
dular synthesis of secretory materials, and mo- 
bilization of energy stores from adipose tissue 

If all circulatory beds dilated maximally at 
once, cardiac output could not equal the total 


flow rate required and pressure would fall 
Thus, total vascular resistance must be main- 
tained at some minimal level by appropriate 
reciprocal adjustments when maximal flows 
pre\ail in some organs 

SUMMARY OF REMOTE AND LOCAL 
CONTROL SYSTEMS 

Remote control systems (eg, nervous sys- 
tem, adrenomedullary system, etc ) function to 
regulate arterial blood pressure and blood 
volume They bring about regional and general 
circulatory adjustments as required to subserve 
such needs as thermoregulation, fluid balance, 
exercise, defense-alarm reactions, sexual re- 
sponses, diving reflexes, etc 

In muscle, vasconstnctor nerve stimulation 
with constant arterial and venous pressures can 
increase the resting 4 1 pre- to postcapillary 
resistance ratio two or more times The re- 
sultant lowering of capillary hydrostatic pres- 
sure, causes fluid absorption into the plasma 
compartment Such resistance adjustments 
form the basis of reflex vasomotor regulation of 
plasma volume called forth by arterial baro- 
and chemoreceptors and cardiac stretch recep- 
tors Sy mpathetic nerve stimulation also affects 
capacitance vessels, leading to expulsion of up 
to 30% of regional venous blood volume Addi- 
tionally, arteriolar resistance is increased by 
sympathetic vasoconstrictor activity Thus, the 
muscle vascular bed functions importantly in 
reflex vasomotor adjustments of blood pressure 
(arteriolar resistance), plasma volume (trans- 
capillary exchange), and venous return (capac- 
itance vessels) 

Reflex activation or direct stimulation of 
sympathetic adrenergic vasoconstrictors to the 
skin produce contraction of resistance, capaci- 
tance, and arteriovenous shunt vessels A domi- 
nant effect IS constriction of resistance and ar- 
teriovenous shunt vessels, thus increasing total 
resistance and decreasing cutaneous flow Re- 
flexly induced changes m cutaneous flow are 
important in thermoregulation, as can be dem- 
onstrated by large increases or decreases in 
skin flow m response to heating or cooling of 
diencephalic heat regulation centers or of the 
entire body* Reflex venoconstnction is for the 
most part transitory m the skin, indicating 
little sustained change m capacitance func- 
tion Thus, skin circulatory changes are more 
concerned with temperature regulation, rather 
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than with circulatory homeostasis as in the case 
of skeletal muscle 

In the intestine, sympathetic adrenergic acti- 
vation induces initial elevation of arteriolar re- 
sistance, that IS later overcome by an autoregu- 
latory escape from the vasoconstrictor influ- 
ence Changes m pre- to postcapillary resist- 
ance ratio are likewise transient, so that capil- 
lary hydrostatic pressure returns to control 
levels The decrease in vascular capacitance 
produced is sustained and can mobilize sub- 
stantial volumes of blood from the splanchnic 
region Thus, the intestinal vascular response to 
increased sympathetic nerve activity is charac- 
terized by moderate alterations in arteriolar 
resistance and sustained decreases in blood 
volume with little change in capillary fluid ab- 
sorption In contrast to muscle, the intestine 
participates little in neurogenic plasma volume 
control It does contribute effectively to blood 
pressure homeostasis through reflex arteriolar 
resistance and capacitance alterations 

The sympathetic cholinergic vasodilator sys- 
tem, confined to skeletal muscle in those spe- 
cies m which it has been demonstrated, has its 
predominant effect on arteriolar vessels, while 
precapillary sphincters and capacitance vessels 
have little or no cholinergic innervation Stimu- 
lation of these fibers decreases the pre- to post- 
capillary resistance ratio, thus increasing net 
transcapillary fluid filtration The sympathetic 
cholinergic dilator system does not appear to be 
activated by homeostatic chemo- or barore- 
ceptor reflexes Stimulation of the hypotha- 
lamic vasodilator area produces the behavioral 
pattern of alerting, flight, or attack in conscious 
animals This suggests a role for these cho- 
linergic vasodilators m alerting and fright- 
flight reactions 

The parasympathetic cholinergic vasodilator 
fibers function in vasodilatation associated with 
specific organ activity such as salivary secretion 
and penile erection Dorsal root vasodilator fi- 
bers are not activated reflexly from the central 
nervous system and appear to be involved only 
in local vascular effects of the “axon reflex” 
type In general, reflex vasodilatation such as 
that induced by baroreceptor stimulation, re- 
sults from diminished sympathetic vasocon- 
strictor discharge rather than parasympathetic 
cholinergic vasodilator effects 
The adrenomedullary hormones produce a- 
adrenexgio vasoconstrictor action similar to that 


of sympathetic vasoconstrictor fibers The latter 
dominate during reflex pressor responses The 
jS-adrenergic vasodilator effect is of unique sig 
mficance since these receptors are not inner 
vated For example, skeletal muscle /J-receptor 
dilator response to epinephrine is significant 
and cannot be elicited by nerve action The 
metabolic actions of epinephrine, already men 
tioned, are also of importance in influencing 
local factors which govern blood flow 

Local mechanisms of vascular control effect 
so-called autoregulation and have as their chief 
targets precapillary resistance vessels and 
sphincters Changes m the ionic and chemical 
metabolic milieu and vascular smooth muscle 
response to stretch cause vasomotor reactions 
appropriate to tissue metabolic needs which can 
oppose or override the remote effects This 
permits a degree of local autonomy important 
as a regional safeguard against the more gener 
alized responses to homeostatic circulatory re 
flexes and adrenomedullary hormones Thus 
“metabolic vasodilators” protect against exces 
sive vasoconstriction and myogenic control of 
precapillary resistance vessels and sphincters 
protects against capillary hydrostatic overload 

The vasomotor system of nerves discussed 
above is the mam adjustor of the peripheral cir 
culation, whereby the blood pumped by the 
heart is distributed throughout the body ac 
cording to the needs of each individual tissue 
and of the organism as a whole This vital role 
IS accomplished by constant, moment-to-mo 
ment adjustments of the resistance in the local 
vascular beds, and it is mediated and regulated 
by the central nervous system through various 
reflex mechanisms (Fig 3 143) 

Our knowledge and understanding of these 
reflex mechanisms is far from complete, the 
function of some of them is fairly well estab- 
lished, the existence of others is known without 
any certainty regarding their function, and it is 
safe to assume that there exist still others, to- 
tally unknown to us at the present time Inevit- 
ably, xn the ensuing parts, the lengthiest con- 
siderations will be given to the most completely 
studied mechanisms, but it should be clear that 
this IS not necessarily proportional to their re- 
spective physiological importance 

Vasomotor reflexes can be elicited by the 
stimulation of practically any afferent nerve- 
somatic or visceral 
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Fig 3 143 Diagrammatic representation of cardiovascular reflex mechanisms 



3-176 c i 'i- u i i:' 1 d o n 


Section 3 


ReliSex CfOiOiLroS fiVie^hdoaocms 

VASCULAR REFLEXES RESULTING 
FROM THE STIMULATION OF 
SOMATIC NERVES 

Historically, these are among the earliest vas- 
cular reflex mechanisms known, although their 
importance m overall circulatory regulation is 
relatively minor 

Stimulation of the central end of a nerve, 
such as the sciatic, the median or a sensory 
cranial nerve, may result in either a rise or a 
fall in the arterial blood pressure according to 
the strength and type of the stimulus employed 
The components of the reflex arc upon which 
the responses depend are 1) afferent fibers in 
the peripheral nerve, 2) the vasomotor centers, 
and 3) the efferent vascular nerves, i e , the 
vasoconstrictors or vasodilators To elicit a 
pressor reflex, a stimulus much stronger than 
that necessary to provoke a depressor response 
must, as a rule, be applied, that is, one which 
would elicit pain m a conscious animal In the 
eli^'itation of either reflex, the magnitude of the 
response is apparently dependent upon the 
number of afferent fibers involved For exam- 
ple, stimulation of various nerves of the 
brachial or lumbar plexus causes practically 
equivalent depressions or elevations in the 
blood pressure when the number of afferent 
fibers m the respective nerves is taken into ac- 
count 

It must be re-emphasized that not all the 
pressor or depressor impulses ascend to the 
medulla, but that reflex arcs exist which have 
their centers within the cord, both vasocon- 
strictor and vasodilator reflexes can be elicited 
in an animal whose cord has been divided in 
the lower cervical region a short time pre- 
viously 

From the results of experiments upon ani- 
mals, it IS to be expected that in the human 
subject a painful stimulus applied to a somatic 
nerve will be followed by a pressor response 
The excitation of psychic centers and, also, the 
liberation of epinephrine are additional factors 
which play an important part in the pressor 
response resulting from painful stimuli On the 
other hand, there are numerous afferent fibers 
m the hollow viscera which respond to stretch 
and result in a decreased blood pressure Stim- 
ulation of the mesentery, peritoneum, and ab- 
dominal viscera or of certain regions such as 
the anus, vagina, and spermatic cord may be 


followed by a fall in blood pressure Finally 
there may be obvious reflex effects which may 
or may not be associated with blood pressure 
changes For example, m normal persons with 
bladder distention, there may be facial flush 
mg, but with evidence of widespread venous 
constriction Following inflation of balloons 
placed in the esophagus, rectum, or m an ileos 
tomy, regional venoconstnction also can be 
demonstrated 

ARTERIAL STRETCH RECEPTORS 

Experiments have shown that the funda 
mental regulation of systemic blood pressure is 
reflexly controlled by the action of the arterial 
pressure itself on stretch sensitive receptors 
(also termed baroreceptors or pressorecep- 
tors) located in the vascular walls, especially 
of the aortic arch and carotid sinus areas 

Aortic or Cardiac Depressor Nerve The 
branch of the vagus which is known as the 
aortic or cardiac depressor nerve is purely af 
ferent and depressor in function, when it is sec- 
tioned, and its central (cerebral) end stimu- 
lated, a pronounced fall in pressure occurs (Fig 
3 144), excitation of the cardiac end, on the 
other hand, causes no effect Two factors are 
involved in the depressor response following 
stimulation of the fibers 

Slowing of the Heart Rate The efferent fi 
bers of the vagus of the same and of the oppo- 
site side constitute the efferent limb of the re- 
flex arc through which this response is chiefly 
brought about, for its full elicitation at least 
one vagus must, therefore, remain intact 

Vasodilation The vasomotor pathways con- 
stitute the efferent limb of this reflex Vasocon- 
striction is inhibited and vasodilation results 



Fig 3 144 Fall m arterial blood pressure resulting 
from stimulation of the central end of the cardiac de- 
pressor (aortic) nerve The drum was stopped in the 
middle of the curve and the excitation maintained for 17 
min The line of zero pressure should be 30 mm lower 
than here shown (From Bayliss 1893) 
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Fig 3 145 Innervation of the carotid sinus and arch 
of aorta 1 heart 2 arch of aorta 3 common carotid 
4 carotid sinus 5 external carotid 6 internal carotid 
7 carotid bodies 8 cardiac depressor nerve 9 ganglion 
of vagus 10 sinus nerve branch of the glossopharyn- 
geal nerve / 1 nerve branch connecting the carotid 
sinus with the vagus ganglion 12 glossopharyngeal 
nerve and 13 vagus nerve (After Heymans et a! 
1933) 

The reflex effect upon the vessels cannot, there- 
fore, be elicited after section of the spinal cord 
in the lower cervical region 
The receptors of the reflex (the terminals of 
the aortic nerve) are situated in the aortic arch 
and upper part of the thoracic aorta, in the 
ventricles and possibly also, according to Daly 
and Verney (1926), in the coronary and pulmo- 
nary vessels (see Fig 3 145) 

The fall in pressure is due mainly to dilation 
of the splanchnic vessels The dilation is not, 
however, confined to these vessels but includes 
those of the skin and muscles Cardiac slowing 
plays a role in the production of the fall in 
blood pressure, although almost as great an ef- 
fect can be obtained after both vagi have been 
cut The depressor reflex can be elicited by 
mechanical or electrical stimulation of the 
aortic wall itself, wherein the special propri- 
oceptors are located, stretching is an especially 


effective type of stimulus It was shown that 
action currents ascend the nerve synchronously 
with the heart beats (Fig 3 146) The normal 
stimulus is evidently the pulsatile expansion of 
the aortic wail, a rise in general blood pressure 
increasing the intensity of the stimulus a fail 
in pressure causing the reverse effect The pri- 
mary reflex response of the puimonar> vascular 
bed to carotid sinus and aortic arch presso- 
receptor stimulation is vasodilatation, a re- 
sponse which may be masked by bronchial 
artery dilatation and redistribution of blood 
from bronchial to pulmonary circuits (Daly and 
Hebb, 1966) 

Carotid Sinus Mechanism. The carotid 
sinus is the term applied to the slight enlarge- 
ment of the common carotid artery where it 
bifurcates into the internal and external ca- 
rotids (Fig 3 145) The carotid sinus was shown 
by Hering in 1923 to play an important role in 
the regulation of the cardiac rate and arterial 
blood pressure Compression of the carotid at 
its bifurcation (so as to raise the pressure 
within the sinus) causes a marked slowing of 
the heart rate, vasodilation (see p 3-179), and 


I 



Fig 3 146 The upper curve in each record represents 
the arterial blood pressure registered by a membrane 
manometer the lower curve of each record shows the 
electrical discharge from a single fiber of the carotid 
sinus nerve of the rabbit In the upper record [A) the 
mean arterial pressure was 55 mm Hg even at this low 
level a discharge of 4 impulses accompanied eacn ven- 
tricular systole In the lower record {B) the mean arterial 
pressure was 135 mm Hg in this instance there was a 
more rapid and more continuous discharge from the 
end-organ (Bronk and Stella 1932) 
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a fall in blood pressure, these effects result 
even though mechanical stimulation of the 
vagus IS carefully avoided Electrical stimula- 
tion of the sinus wall produces similar effects 
Pressure upon the common carotid some dis- 
tance below the sinus (so as to reduce the blood 
pressure within the sinus itself) causes cardiac 
acceleration, vasoconstriction, and a rise in 
arterial pressure together with, as shown by 
Heymans, the liberation of epinephrine The 
carotid sinus therefore constitutes a mecha- 
nism whereby both pressor and depressor ef- 
fects are mediated The effects are brought 
about through the following neural mechanism 
The Sinus Reflex Arc. The afferent fibers 
of the reflex arc are contained in the sinus 
nerve, a branch of the glossopharyngeal This 
delicate filament descends between the internal 
and external carotids to the sinus where its fi- 
bers terminate m sensory organs (propriocep- 
tors) situated between the connective tissue 
fibers in the adventitia of the sinus wall Cen- 
trally the fibers of the sinus nerve make 
connections with the cardioinhibitory and vaso- 
motor centers The efferent limb of the cardiac 
part of the reflex is the vagus The efferent 
limbs of the vasodilator and vasoconstrictor re- 
flexes are apparently sympathetic fibers, for 
these reflexes are abolished by complete re- 
moval of the sympathetic chains 
Study of the action currents passing along 
the sinus nerve shows that impulses stimulated 
by the arterial pressure pulse are discharged 
throughout the cardiac cycle, their frequency 
increasing during systole and decreasing during 
diastole A rise in general blood pressure in- 
creases the rate of impulse discharge as well as 
the number of sense organs excited The latter 
show slow adaptation so that though the stim- 
ulus (distension of the artenal wall) persists the 
impulse discharge shows little reduction in fre- 
quency, and when the pressure is very high, 
they extend with little reduction in rate 
throughout diastole At low pressures, impulses 
are discharged only during systole 
The sinus reflexes have been studied exhaus- 
tively by Heymans and his associates (1958) 
They carried out cross-circulation experiments 
which speak conclusively for the physiological 
importance of these reflexes in cardiovascular 
regulation (see Fig 3 147) The sinus of one 
dog (B) was isolated from the general circula- 
tioh and perfused with the blood of another 
animal (A) in the manner shown in the figure 


B 



Fig 3 147 Scheme of perfusion of the isolated 
carotid sinus of dog B by dog A and an anastomosis 
between the suprarenal vein of B and the jugular vein of 
dog C 1 le^t carotid artery of dog A 2 right carotid ar 
tery of B anastomosed with carotid of 5 left external 
jugular vein A 4 isolated right carotid sinus of 5 5 
lingual artery of B anastomosed with jugular vein of dog 
A, 6 nerve supply to carotid sinus of B The blood from 
dog A flows through the carotid sinus of dog B and back 
to A via the lingual artery of B and the external jugular 
oi A 7 internal carotid 8 facial and maxillary arteries 
9 common carotid 10 11 12 and 77 femoral arteries 
to manometers 13 adrenal gland 14 and 15 supra 
renal-jugular anastomosis 16 decapsulated spleen in 
plethysmograph 18 piston recorder for plethysmograph 
(After Heymans et al , 1933 ) 

The nerve supply to the sinus was left intact 
When the arterial pressure of dog A was raised, 
that of dog B, recorded in the femoral artery, 
fell Conversely, a reduction in blood pressure 
of dog A caused a rise in the blood pressure of 
dog B In the latter instance, epinephrine liber- 
ation also occurred which was a contributory 
factor in the blood pressure elevation as indi- 
cated by its pressor effect upon the circulation 
of dog C, connected to the suprarenal vein of 
B These effects could not be obtained after 
denervation of the sinus 
The sinus and aortic nerves, or so-called 
“buffer” nerves, constitute a mechanism of the 
utmost importance in controlling the artenal 
blood pressure and in maintaining the circula- 
tion to the bram The rise in diastolic pressure 
and the increase in heart rate which occur 
when the body changes from the recumbent to 
the sitting position, or from the sitting to the 
standing position are apparently brought about 
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through these nerves, they therefore plav an 
essential part m compensating for the effect of 
gravity upon the circulation 

An underfilled state of the vessels, as may 
result from hemorrhage or shock, or any^ other 
condition which tends to cause a fall in blood 
pressure, will call these mechanisms into play 
A generalized vasoconstriction results to adjust 
the vascular capacity to the reduced blood 
volume and thus maintain the blood pressure 
Excessive elevation of the blood pressure, on 
the other hand, is countered by a depressor re- 
flex (see diagram Fig 3 143) The great impor- 
tance of these reflex mechanisms in hemor- 
rhage IS shown by the fact that in an animal in 
which all four buffer nerves have been sec- 
tioned the rapid loss of only about one-tenth ot 
the blood volume proves fatal, whereas usually 
a reduction in blood volume of from 35 to 45% 
is required to cause death Mayerson (1942) 
found that tilting anesthetized dogs from the 
horizontal to the upright position caused a 
sharp drop m blood pressure, followed within 
10 sec by a compensatory rise After section of 
both sets of buffer nerves the compensatory rise 
did not, as a rule, occur 

Moderate arterial hypertension can be pro- 
duced in dogs by denervation of the smoaortic 
baroreceptors (Heymans and Neil, 1958) It is 
characterized by increased lability of artenal 
pressure with marked hypertensive response to 
various external stimuli and, m one senes (Fer- 
rario et al , 1969), a paradoxical increase in 
blood pressure during sleep 

A rise of pressure within the carotid sinus 
produces the behavioral signs of sleep (Koch, 
1932), can diminish or abolish drug induced 
convulsions, and induce cortical electroenceph- 
alographic synchronization The physiological 
significance of this effect in the regulation of 
sleep-wake patterns is somewhat uncertain 
Studies in cats suggest that synchronous inflow 
from baroreceptors is in part responsible for 
synchronous sleep (Baust and Hememann, 
1967) 

Mechanism of Action. The mechanism of 
action of the blood pressure on the barorecep- 
tors is complex and only partially understood 
They are essentially stretch receptors and if 
deformation of the baroreceptive artenal walls 
from a raised arterial pressure is prevented, the 
baroreceptors no longer respond to the pressure 
change Reflex blood pressure depression from 
carotid sinus stimulation is greater with pulsa- 


tile than with steady pressure stimulation At 
moderate sinusoidal stimulating pressures 
within the carotid sinus the blood pressure 
depression increases with both frequency and 
amplitude of the stimulating pressure This 
frequency effect disappears at higher mtrasmal 
pressures and if stimulation pressure exceeds a 
range of 160 to 180 mm Hg <m dogs) the blood 
pressure reaction is inverted (Stegemann and 
Tibes, 1969) 

Local application of drugs, such as epineph- 
rine or norepinephrine, increases the smooth 
muscle tension m the arterial wall of the iso- 
lated carotid sinus preparation which, m turn, 
IS associated with a large increase m impulse 
traffic along the baroreceptor fibers throughout 
the cardiac cvcle and a resetting of the barore- 
ceptive mechanisms at a higher level, with re- 
sultant blood pressure adjustment Sodium ni- 
trite, which relaxes smooth muscle, reduces the 
intramural tension m these sensitive regions 
decreases the impulse traffic, and resets the 
blood pressure regulation at a lower lev el 

In experimental and clinical hypertension the 
pressure sensitivity of the carotid sinus receptor 
response is reduced, thus baroreceptor response 
can be "‘reset’" m its range of function to main- 
tain blood pressure at a higher level When 
hypertension is relieved the range of function 
can be “reset” downward (McCubbm et al , 
1968) These observations indicate that under 
normal conditions, the response of the barore- 
ceptor area and the level of blood pressure 
maintained depend not only on the level of ar- 
terial pressure, but, possibly, even more so on 
the resistance of the baroreceptive arterial walls 
to deformation by the intravascular pressure 

Other Arterial Baroreceptors- Possible 
additional arterial baroreceptor types have 
been studied m the common carotid artery, the 
thoracic, and mesenteric arteries Experiments 
in which a sudden rise in intracranial pressure 
causes systemic hypertension, and sudden re- 
duction in intracranial pressure leads to sys- 
temic hypotension, suggest, but do not prove, 
that pressure sensitive receptors are present m 
the cranial cavity. However, the systemic hy- 
pertensive effect of increased intracranial pres- 
sure {Cushing effect) is largely, or entirely, sec- 
ondary to asphyxia of medullary centers (see 
pp 3-208 and 3-211) Cushing (1902) first dem- 
onstrated in animals that an acute rise in in- 
tracranial pressure induces an increase m 
systemic artenal pressure which just exceeds 
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that within the cranial cavity Impulse output 
m the mesenteric baroreceptors exists through- 
out the cardiac cycle, and, if pressure is 
changed in the mesenteric artery or the artery 
is clamped, vasomotor reflexes are induced 
These reflexes do affect the systemic blood 
pressuie even when the sinoaortic nerves are 
cut It IS a segmental, reflex adaptation of the 
circulation and vasomotor state related to 
pressure changes in a given area It apparently 
exists in the cat but not m the dog Reflex re- 
sponses can also be obtained in the innervated 
perfused hind leg of the open-chest dog, when 
the descending aorta between the left sub- 
clavian artery and the diaphragm is isolated 
and perfused at varying pulsatile pressures, 
or when epinephrine is added 

The importance of these afferent mechanisms 
in control of the circulation is not known 
BALANCED AND RECIPROCAL VASCULAR 
REACTIONS 

In the intact animal the height of the blood 
pressure at any moment, insofar as the nervous 
control of the peripheral vessels is concerned, is 
apparently the algebraic sum of the effects of 
afferent impulses impinging upon the vaso- 
motor centers Under ordinary circumstances, 
impulses arising from the carotid sinus and 
aortic arch play the most prominent roles, but 
impulses from skin, muscles, and viscera and 
from higher nervous centers also exert an im- 
portant influence That pronounced effects 
upon peripheral vessels can be produced by 
radiation of impulses from higher centers is 
evidenced by such phenomena as blushing, pal- 
lor, penile erection, and certain types of syn- 
cope (fainting) When a dog is excited, similar 
vascular changes can be observed in the mu- 
cosa of the exteriorized colon and in splenic 
volume Even very mild excitation of psychic 
centers exerts an influence upon the vascular 
mechanisms The psychogalvanic reflex (due 
to changes in the electrical resistance of the 
skin) has a vascular basis A reciprocal rela- 
tionship also exists between splanchnic and 
cutaneous vascular areas on the one hand and 
the vessels of the muscles on the other Epi- 
nephrine, for example, causes dilation of the 
latter vessels accompanied by vasoconstric- 
tion in the skin and abdominal viscera Stimu- 
lation of the wall of a large vein or distension of 
the duodenum causes reflex constriction of the 
cutaneous vessels, and stimulation of the skin 


results in an increased amount of blood m the 
liver and in the renal cortex Furthermore the 
muscular and cutaneous tissues may show op 
posite vascular reactions Thus, m the dog 
cooling of the body causes constriction of the 
skin vessels and vasodilation in the muscles 

A mechanism also exists in the experimental 
animal, whereby affeient impulses arising 
within an organ, although leading to general 
ized vasoconstriction, result locally m dilation 
and increased blood flow This is sometimes 
called the Loven reflex after the investigator 
who first described it in 1866 

An interesting example of the complex na- 
ture of the reflex vascular adjustments has been 
described An electrical record obtained from a 
nerve twig coming from a Pacinian corpuscle in 
the mesentery during perfusion of the mesen- 
teric vessels showed an increase in the fre 
quency of the afferent impulses when the perfu- 
sion pressure was raised The impulse fre- 
quency was reduced by bleeding the animal 
and increased again when the blood was rein- 
troduced into the body It is suggested that the 
Pacinian corpuscles, which he in close relation 
to the vessels, are stimulated when the latter 
dilate Messages pass to the vasomotor center 
which then discharges vasoconstrictor impulses 
to the vessels of the area from which the af- 
ferent impulses arose Thus, undue distention 
of the vessels and pooling of blood in the 
splanchnic region is prevented It has also been 
shown that stimulation of the peripheral end of 
the splanchnic nerve causes a much greater rise 
in blood pressure than usual if the carotid si- 
nuses have been excluded from the circulation 
(by clamping the carotids) This observation 
indicates that ordinarily the pressor effect of 
splanchnic stimulation is largely counteracted 
by a depressor reflex initiated from the sinus 

EXTRARESISTANCE (CARDIAC) EFFECTS 
OF BARORECEPTOR REFLEXES 

Most important changes during reflex, sys- 
temic hypertension of sinoaortic origin are uen~ 
oconstnction (effects on the capacity vessels) 
and direct sympathetic stimulation of the 
heart Occlusion of the common carotid arteries 
causes systemic hypertension with resultant 
decrease in the plethysmographic volume of 
spleen, limb, kidney, and other parts of the cir- 
culation If the systemic hypertension is as- 
cribed to widespread arteriolar vasocon- 
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stnction, cardiac output would be expected to 
fall or, at least, not to increase However, total 
pulmonary, muscle and kidney blood flo^\ have 
been shown to increase during carotid occlu- 
sion There is always some increase in periph- 
eral resistance but it is of less quantitative sig- 
nificance, since the cardiac output increases 
Experiments, utilizing an extracorporeal circu- 
lation with exclusion of the heart and lungs to 
allow continuous measurement of alterations of 
intravascular blood volume and of venous re- 
turn, have also demonstrated venoconstnction 
(decreased vascular volume) and an increased 
venous return to the heart when hypotension 
was induced in the isolated canine carotid 
sinus The opposite effects occurred with ca- 
rotid sinus hypertension Venoconstnction has 
also been shown m the forelimb vascular bed of 
the dog during carotid baroreceptor stimula- 
tion Some studies have failed to confirm these 
convincing data 

Reflex sympathetic and parasympathetic ef- 
fects can significantly alter the atrial and ven- 
tricular contractility The circulatory response 
to carotid sinus hypotension can be, domi- 
nantly, an increased cardiac action and, sec- 
ondarily, an increase in peripheral resistance 

In unanesthetized dogs electrical stimulation 
of the carotid sinus nerves produced vagal car- 
diac slowing, arterial hypotension, and de- 
creased mesenteric, renal, and hind limb vas- 
cular resistance (Vatner et al , 1970) The most 
profound decrease in resistance and increase in 
flow occurred in the hind limb The increase in 
hind limb flow took place also in exercismg 
animals when the muscular bed was already 
dilated on a metabolic basis Observations in 
man are instructive (Fig 3 148) Pressures 
within the carotid sinus regions were directly 
measured with indwelling catheters in con- 
scious, supine man while the internal pressure 
was lowered by central, bilateral, carotid artery 
compression As the carotid sinus pressure 
dropped from a mean of 100 to 40 mm Hg, the 
arterial blood pressure and heart rate increased 
only mildly There is no evidence that the 
pressor response is secondary to reduction m 
caliber of the limb and skeletal muscle vessels 
The resistance to flow which they offer is ac- 
tually slightly less than in the control state as 
the result of a mild increase in systemic blood 
pressure and in blood flow through the limbs 
Simultaneous measurement of cardiac output 



Fig 3 148 Bilateral carotid artery compression m 
supine man producing carotid sinus hypotension re- 
flexly causes a rise in systemic pressure a tachycardia 
and an increase in peripheral flow with concomitant de- 
crease in peripheral resistance 

would have been helpful here, since the in- 
crease in arterial blood pressure could arise 
from the increased cardiac output or from in- 
creased vessel resistance m another area 

CARDIOVASCULAR REFLEXES OF 
CHEMORECEPTOR ORIGIN 
The carotid and aortic bodies adjacent to the 
carotid sinus and root of the aorta contain epi- 
theloid cells and nerve endings sensitive to the 
chemical composition of the arterial blood The 
fibers of the aortic body run m the vagus, while 
the fibers of the carotid body are branches of 
the glossopharyngeal nerves The aortic body is 
connected with a branch of a fine artery arising 
from the aorta beyond its arch The carotid 
body (glomus caroticum) is a small structure 
situated upon a branch of the occipital artery, 
or upon a small vessel arising directly from the 
external carotid just above the bifurcation of 
the common carotid It is composed of rounded 
clumps of polyhedral cells, and possesses a rich 
network of capillaries of sinusoidal character 
Both the carotid and aortic chemoreceptors 
sample the blood for its P 02 , PcOa, pH, and 
possibly for other qualities Blood flow through 
the carotid body appears to be by far the 
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largest for any body tissue Calculations based 
on direct flow measurements indicate a flow of 
2000 ml /lOO g /mm (left ventricle = 80 to 100 
ml /lOO g /mm ) while the oxygen usage of 9 
ml /lOO g /mm , compares with that of the left 
ventricle This flow can be cut to one -third by 
stimulation of the cervical sympathetic nerves 
Reflex vasomotor effects evoked by chemore- 
ceptor stimulation have been extensively 
studied In general, the chemoreceptors are 
stimulated by anoxia, hypercapnia, and aci- 
dosis The mechanism by which changes in 
blood chemical composition effect a response in 
these two structures is not clearly understood 
nor has the chemoreceptor intermediate that 
stimulates the nerve endings been identified, 
but it has been shown that electroneurographic 
evidence of chemoreceptor activity exists at 
CO 2 tensions above 30 mm Hg and at O 2 ten- 
sions of approximately 90 mm Hg or less With 
increasing PCO 2 and decreasing PO 2 , discharge 
of the chemoreceptors is diffuse, but the dis- 
charge with increasing CO 2 tension is rarely as 
great as that resulting from anoxia Acute hy- 
poxia (inhalation of low oxygen mixtures or of 
nitrogen) causes systemic hypertension and 
vasoconstriction (decreased blood flow) in the 
limbs and intestine, responses are abolished if 
the chemoreceptor areas are blocked It is un- 
likely that chemoreflexes cause systemic 
hypertension only by inducing an increase m 
arteriolar resistance, but there are no studies 
of the reflex effects of such stimulation on 
cardiac output or on the capacitance vessels It 
is certain, however, that they contribute to the 
maintenance of the circulation following de- 
pletion of the blood volume The latter can be 
shown in an animal in which, following massive 
hemorrhage, the blood pressure decreased to 
70 mm Hg There was intense firing of the 
chemoreceptors which could be stopped by 
raising the oxygen tension while resection of 
the sinus nerves caused a further fall of blood 
pressure The latter can only be due to with- 
drawal of chemoreceptor reflex vasoconstric- 
tion, since the baroreceptors are not operative 
at this blood pressure level Presumably the 
capacitance vessels (veins) are involved here 
as well as the resistance vessels 

VASCULAR EFFECTS OF NORMAL 
VARIATIONS IN BLOOD OXYGEN, CARBON 
DIOXIDE AND pH 

Cardiac response to chemoreceptor stimula- 
tion IS complex In experimental preparations 


arranged so as to prevent secondary influence 
of respiratory stimulation on cardiac activity 
stimulation of the carotid bodies produces re- 
flex bradycardia while stimulation of the aortic 
bodies produces reflex tachycardia Where res 
piratory effects are allowed, cardiac response to 
carotid body stimulation is related to the inten 
sity of the ventilatory augmentation With mild 
ventilatory stimulation the heart rate is usually 
decreased, with marked increase in ventilation 
cardiac acceleration occurs (Berne and Levy 
1967) 

The primary effect of chemoreceptor stimula- 
tion on the pulmonary circulation is vasocon- 
striction, which may be masked, however, by 
the vasomotor changes in the bronchial (sys 
temic) circulation (Daly and Hebb, 1966) 

It is generally stated that both carbon di 
oxide and oxygen have dual effects Although 
CO 2 may have a minor reflex effect through the 
aortic and carotid body chemoreceptors, it may 
also have a large direct central effect on the 
medullary centers which leads to peripheral 
vasoconstriction with rising blood CO 2 concen- 
trations, while with decreasing blood CO 2 , the 
center will ultimately cease giving out its 
normal tonic influence It also may have a large 
direct peripheral vessel effect, an increasing 
blood CO 2 causing peripheral dilation and a 
decreasing blood CO 2 leading to vasocon- 
striction Similarly, the central effects of ox- 
ygen lack are supposedly largely mediated 
through the sinus and aortic bodies, a decrease 
m oxygen leading to reflex peripheral vasocon- 
striction, while in the periphery, local hypoxia 
has the effect of vasodilation While these state- 
ments based on experimental data have been 
perpetuated, it is very difficult to make such a 
functional separation and yet retain some rea 
sonable degree of normalcy m the experimental 
approach to the problem Aside from the effects 
mediated through the chemoreceptors, it is 
doubtful that the relative effects of physiolog- 
ical variations in blood gases and pH on the 
vasomotor centers and the general peripheral 
circulation are known However, for some indi- 
vidual organs or regions, one can distinguish 
between the local vascular effects of chemical 
changes in the blood and their central neural 
effects For example, the main body of evi 
dence indicates that small increases in carbon 
dioxide have a direct vasodilating action on 
cerebral and skin vessels in animals and m 
humans 

The complexity of the problem, even in indi- 
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vidual regions, is indicated when one compares 
the effect of carbon dioxide on the \asonioior 
state in the extremities The hind limb ol an 
animal perfused with blood from a heart-lung 
preparation shows \asodilation (greater blood 
flow at the same perfusion pressure) when the 
lungs are ventilated hy air containing a small 
amount of carbon dioxide or by air with some 
reduction in its oxygen content The \asodila- 
tion must result from local chemical reactions 
However, in human subjects with hypercapnia 
alone, induced from breathing a small concen- 
tration of carbon dioxide in the inspired air, 
the forearm’s vascular resistance (mainly mus- 
cle) is greatly increased, for systemic blood 
pressure is increased with little or no change in 
local blood flow In the same subjects in w^hom 
hypoxia was produced by breathing 5 to lO'^c 
oxygen in nitrogen, forearm blood flow in- 
creases 1(X)% in the presence of a constant sys- 
temic arterial and venous pressure so that vas- 
cular resistance in the forearm is considerably 
reduced Smce the same results are observed m 
the nerve-blocked arm, the local change in vas- 
omotor state is due to a humoral mechanism 
and not to a nervous mechanism When the 
increased elimination of CO 2 during hypoxia is 
prevented by adding enough CO 2 to the ox- 
ygen-poor gas mixture to maintain the alveolar 
PCO 2 constant, vascular resistance in the 
forearm is not significantly changed This indi- 
cates that marked hypoxia does not affect 
local overall vessel resistance Thus, m man, a 
humoral vasoconstriction occurs with hyper- 
capnia, a humoral vasodilation occurs with 
hypoxia m the muscles of the forearm which is 
due to the hypocapnia resulting from the hy- 
poxia rather than directly to the lack of oxygen 
The exact mechanism is not clear The CO 2 or 
altered pH could have had a local effect, but it 
is just as probable that a rapid change in ar- 
terial PCO 2 evoked biochemical changes m the 
blood which caused local vasoconstriction or 
dilation Of several possible humoral vasodila- 
tors which are known, epinephrine, which 
causes vasodilation in skeletal muscle, might 
have been released by the lowered PCO 2 

In the past, it has been debatable whether 
the circulatory effects observed with respiratory 
or metabolic acidosis come from the elevated 
PCO 2 , the fall m pH, or a combination of both, 
because there has not been any good way of 
separating these effects However, with the use 
of the organic buffer Tris (hydroxymethyl) 
ammo methane, reasonable experimental sepa- 
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ration has been performed with the finding 
that the cardiovascular effects arise from the 
decrease in pH and not from the associated 
change in blood Paco^ (Fig 3 149) To make 
this study, the effects of metabolic acidosis 
were observed m dogs under apneic oxygena- 
tion with and without Tns injection Apneic 
oxygenation is a condition of ventilatory arrest 
during which oxygenation of the blood is main- 
tained while acute hypercapnia develops This 
condition is produced by ventilating the dog 
with 100?o oxygen in an open circuit for 1 hr 
During this time, oxygen replaces nitrogen 
throughout the body After this period of deni- 
trogenation, apnea is induced by succinylcho- 
Ime, and the lungs are left connected to a reser- 
voir of oxygen Thus, the blood is maintained 
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in lull oxygen saturation, but blood CO 2 accu- 
mulates slowly Without the presence of Tris in 
such dogs, there is a rise m CO 2 , arterial, pul- 
monary arterv and central venous blood pres- 
sures, Pato.. and plasma norepinephrine and 
epinephrine, the blood pH drops precipitously, 
the heart rate mildly In similar dogs treated 
with intravenous drip of Tris, all these physio- 
logical variables remain close to their control 
values except Paco, which rises from 38 to 82 
mm Hg Since such a PCO 2 increase in the 
intact animal does produce the above circula- 
tory changes when it is accompanied by a 
parallel fall in pH, the H"^ concentration in- 
crease during hypercapnia seems to be a de- 
terminant factor in the stimulation of the 
cardiovascular system This type of experi- 
ment, however, still does not clearly separate 
the effects of CO 2 and pH, for the latter does 
change (7 45 to 7 31), and the vascular system 
may be very sensitive to it 

REFLEXES FROM THE HEART AND LUNGS 

From various intrathoracic vessels (including 
the chambers of the heart) arise other reflexes 
affecting vasomotor tone Although their im- 
portance in the regulation of the circulation 
may possibly be comparable to that of the pre- 
viously mentioned reflexes, much less is known 
about their function, since it is much more dif- 
ficult to investigate cardiopulmonary reflexes 
than those related to the baroreceptors m the 
systemic circuit 

Right Heart Reflexes. Observations have 
shown conclusively that m the walls of the atria 
and great veins, there are receptors which have 
fairly large afferent nerve fibers and which re- 
spond to change of pressure in the atria by 
firing during atrial contraction (type A), or 
during the passive distention of atrial diastole 
(type B) These afferent fibers are in the vagi 

In 1914, Bambridge showed that the intra- 
venous injection of saline or blood produced 
tachycardia m the anesthetized dog and that 
this was abolished only by bilateral vagotomy 
The location and nature of receptors respon- 
sible for this reflex have not been identified 
and fluid mfusions frequently fail to elicit tach- 
ycardia It has been shown m anesthetized dogs 
that intravenous infusions increase the heart 
rate when the initial rate is below 140/min , 
but actually decrease the heart rate at more 
rapid initial rates Thus both the mechanism 
and physiological role of this reflex remain con- 
troversiaL 


In anesthetized dogs, partial occlusion of the 
pulmonary artery leads to an increase m pul 
monarv blood flow It has been shown that this 
reflex is dependent on an intact sympathetic 
innervation of the heart, the vagi and medul 
lary centers are not involved Presumably the 
increase m pulmonary blood flow is due to a 
reflex myocardial stimulation initiated by a rise 
in right ventricular systolic pressure and is 
mediated by the cardiac sympathetic nerves 
Pulmonary Vessel Reflexes Most investi 
gators now admit that the pulmonary blood 
vessels have tone and, therefore, the possibility 
that this tone can be altered Daly has found 
evidence in the anesthetized dog that the pul 
monary vascular resistance can be altered by 
extrinsic vasomotor nerves Both vasocon 
stricter and vasodilator responses have been 
demonstrated The primary effect of chemore 
ceptor (carotid body) stimulation is pulmonary 
vasoconstriction, although the reflex vasocon 
strictor effect on the bronchial circulation, 
which occurs simultaneously, may actually pro 
duce a decrease in pulmonary vascular resist- 
ance (Daly and Hebb, 1966) 

Pulmonary Artery Reflexes Elevation of 
pressure m the mam pulmonary artery and its 
bifurcation within physiological limits reflexly 
induces systemic hypotension and inconstant 
bradycardia Vagotomy abolishes the response 
Elevating the pressure above physiological 
limits (eg, 80 to 120 mm Hg) causes, para- 
doxically, a use m systemic arterial pressure 
Reflexes from the Smaller Pulmonary Ves- 
sels Despite a tremendous amount of investiga- 
tion, it IS problematic whether reflexes are ini- 
tiated from the smaller vessels of the pulmo- 
nary circuit — arterioles, capillaries, and ven- 
ules Embolization by clots, starch gram, glass, 
and plastic beads had not determined conclu- 
sively whether the results have a mechanical or 
a reflex explanation From the work of Daly 
(see Daly and Hebb, 1966), it is known that the 
sympathetic innervation of the vessels is largely 
vasoconstrictor and that stimulation of the stel- 
lates may, at times, reduce lung blood flow by 
as much as 30% A variety of experiments have 
demonstrated pulmonary vasoconstriction re- 
sulting from such stimuli as pulmonary emboli- 
zation and venous congestion There are indi- 
cations that some of these responses may be 
mediated by local pulmonary axon reflexes 
An “alveolar- vascular reflex of the lung” has 
been demonstrated If water is introduced into 
the airways of sheep, a reflex response occurs 
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via the parasympathetic nervous system 
(blocked by atropine) producing pulmonary 
vasoconstriction The vagus is not involved for 
vagotomy does not abolish the response, the re- 
flex is therefore considered to be local in na- 
ture This reflex would lead to a homeostatic 
redistribution of blood flo\^ away from nonventi- 
lated lung areas (see also p 3-210) 

Left Heart Reflexes. Left Ventricle Daly 
and Verney (1926) were first to show that 
pressoi receptors existed in the left heart In an 
innervated heart-lung preparation in which the 
aortic pressure was kept constant, an increased 
pressure in the left side of the heart caused 
cardiac slowing More recently, it has been 
shown that when the pressure is elevated in a 
vascularly isolated left heart, reflex bradycar- 
dia, systemic hypotension, and vasodilation of 
the leg vessels result Since left atrial pressure 
elevation alone was ineffective, it is concluded 
the receptors were in the left ventricle Upon 
vagal blockage the effect disappeared These 
effects may also arise from pressoreceptors of 
the aortic arch which are known to extend into 
the left side of the heart 
Ross and co-workers (1961a, b) studied this 
reflex by perfusing the systemic vascular bed, 
using an extracorporeal circulation, pressures 
could be varied independently in the inner- 
vated but isolated heart Significant decreases 
m systemic vascular resistance occurred when 
left ventricular systolic pressure was elevated, 
or when left ventricular diastolic and mean left 
atrial pressure were also elevated Only min- 
imal alterations in vascular resistance were ob- 
served to accompany right ventricular pressure 
elevations alone Most important, the eleva- 
tions in left mtracardiac pressure produced a 
large increase in systemic vascular volume and 
a diminished venous return This suggests that 
left ventricular baroreceptor stimulation re- 
flexly inhibits venous tone Informative experi- 
ments are those of Doutheil and Kramer (1959), 
who varied the left ventricular stretch and 
pressure by an adjustable clamp on the aorta, 
while the systemic flow was metered, and its 
perfusion pressure maintained constant during 
aortic constriction by a very large pressure buff- 
ering chamber attached to the aorta It was 
observed (Fig 3 150) that within 4 sec after 
elevation of left ventricular pressure by me- 
chanical constriction, the aortic flow starts to 
rise and is almost doubled, indicating massive 
peripheral dilation arising reflexly from the 
beginning of the aorta or in the left heart The 



Fig 3 150 Experimental device to show presence 
of left ventricular pressure (stretch) receptors by ao.tic 
compression S clamp AK and VK aortic and left atnai 
pressure manometers respectively W constant pres- 
sure buffering chamber R systemic flow meter P pump 
(Doutheil and Kramer 1959) 

afferent pathway for this reflex was demon- 
strated to be the vagus nerve, for following its 
cervical section, the effect disappeared To 
what extent this reflex is invoked under normal 
conditions is problematic, since a rather large 
increase in ventricular pressure (and presum- 
ably, therefore, stretch) is necessary to elicit a 
systemic flow response 
Coronary Chemoreflex {Bezold-Ji risk Re- 
flex) Intravenous injection of veratndme and 
certain other agents (e g , nicotine, some anti- 
histaminics, etc ) produces reflex cardiac 
slowing, hypotension, and apnea (the Bezold- 
Jarisch reflex) The reflex apnea is caused by 
excitation of the receptors for the Hering- 
Breuer (lung inflation) reflex The receptors 
responsible for the bradycardia and hypoten- 
sion can be reached through injections into the 
coronary arteries or the pericardial sac In the 
cat, injections into the right or left coronary 
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arteries elicit the response while in the dog 
only injections into the left coronary arteries or 
pericardial sac are effective (Comroe, 1965, 
Aviado, 1965) The hypotension is independ- 
ent of the bradycardia, being caused by reflex 
vasodilation 

Left Atrial Receptors Receptors m the left 
atrium (and probably pulmonary veins) which 
respond to stretch have been implicated m the 
regulation of blood volume (Herd, 1970, Gauer 
et al , 1970) Acute distention of the left 
atrium, as with a balloon, increases heart rate, 
in general decreases arterial pressure (although 
the reverse may occur), and causes diuresis 
Procedures which produce a shift of blood into 
the intrathoracic circulation, thus elevating 
central blood volume and atrial pressure, pro- 
duce diuresis and lead to reduction of plasma 
volume This redistribution of blood volume 
can be produced, for example, by continuous 
negative pressure breathing, head-out body 
immersion in a thermoindifferent bath, and 
human centrifuge simulated gravitational ef- 
fects (so-called transverse G) The reduction m 
plasma volume observed in bed rest and 
weightlessness of space pilots, is presumed to 
have a similar basis Procedures which decrease 
central blood volume, e g , hemorrhage, posi- 
tive pressure breathing, have the opposite ef- 
fect The effects on fluid volume are mediated 
by reflex effects on antidiuretic hormone and 
aldosterone release and on renal blood flow 
Right atrial receptors and arterial baroreceptors 
participate in these responses as well The im- 
portance of vagal receptors for these actions is 
clear since vagal cooling or vagotomy blocks 
many of them Thus, intrathoracic vascular 
receptors importantly represented in the left 
atrium, respond appropriately to central blood 
volume and pressure fluctuations, so as to regu- 
late blood volume Figure 3 151 illustrates sev- 
eral of these effects in response to graded hem- 
orrhage (see also p 3-235) 

Other experiments in man have functionally 
implicated pressoreceptors m the thoracic por- 
tion of the central blood pool in adjustments of 
the circulation (Fig 3 152) When the legs of a 
recumbent man are passively raised, the blood 
flow through the skeletal muscles of the forearm 
IS increased greatly as is the central pool of 
blood Since at this time, the arterial blood 
pressure remams the same or even decreases, 
this dilation in the forearm is evidently not a 
consequence of arterial baroreceptor stimula- 
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Fig 3 1 51 Responses to a graded hemorrhage With 
loss of the first 10% of blood volume the firing rate of 
atrial (cardiac) receptors falls to one-half As the loss 
exceeds 20% there is a fall in firing rate of aortic (ar 
tenal) baroreceptors The plasma aldosterone (m re 
leased into the plasma) and antidiuretic hormone units/ 
ml ) concentrations rise causing sodium and water re 
tention The pulse rate increases steadily as blood volume 
falls There is little change m tone of capacity vessels 
until collapse threatens when it increases effectively to 
move blood to central regions (Redrawn from Gauer et 
a! 1970) 


tion Inflation of leg cuffs before trunk and leg 
elevation, or the use of sympathetic blockade to 
the forearm, eliminates the flow response 
While the precise nature of the stimulus and 
accurate location of the receptors concerned in 
the reflex have not been determined, it seems 
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Fig 3 1 52 Passive elevation of the legs in re- 
cumbent man produces elevations in the central blood 
pool and central venous pressure with increased peripheral 
flow while heart rate and systemic arterial pressure are 
unchanged The decreased peripheral resistance is felt 
to be secondary to reflex dilation 


likely that forearm dilation is due to stimula- 
tion of receptors m the low pressure area of the 
thoracic vascular bed Rapid positive and nega- 
tive pressure breathing causes a similar aug- 
mentation of blood flow in forearm and calf 
without changes in arterial blood pressure and 
heart rate Presumably, this response is also to 
be explamed through stimulation of pressore- 
ceptors in the chest 

Respiratory Reflexes. Vasoconstriction in 
the Finger Vasoconstriction occurs in a finger 
after voluntary deep inspiration or passive deep 
mflation of the chest with air under positive 
pressure The vasoconstriction was determined 
by a finger plethysmograph in which a blood 
flow decrease was noted with inspiration which 
bore no relation to the respiratory fluctuations 
of systemic blood pressure The receptors and 
afferent pathways of this reflex are unknown 
except that without doubt, they arise within the 
lungs 

Respiratory sinus arrhythmia (increase m 
heart rate during inspiration, decrease during 
expiration) has been variously attributed to the 
influence on medullary cardioregulatory centers 
of impulses from* 1) medullary respiratory cen- 
ters, 2) stretch receptors in the lung, or 3) right 
heart volume receptors Experimentally, paral- 
ysis of respiratory movements and j3-adrenergic 


blockade does not abolish the arrhythmia, while 
bilateral vagotom> does (Hamlin et al , 1966) 
Thus, sinus arrhvthmia can result only from 
waxing and waning of \agal efferent activity in 
phase with periodic respiratory center dis- 
charge There is evidence that fluctuations m 
efferent sympathetic activity also pla> a role 
Periodic Hermg-Breuer (q v ) reflexes and right 
atrial distention during inspiration have not 
been ruled out as playing a contributory role 
In addition to the effect on heart rate, a posi- 
tive inotropic action on left ventricular contrac- 
tion during the acceleratory phase has been 
demonstrated 

PERIPHERAL VASCULATURE REFLEXES 

Although little is known concerning reflexes 
originating in the peripheral blood vessels, in- 
terest has been aroused in sensory mechanisms 
that may he in the peripheral vasculature 
Haddy and Gilbert (1956), using anesthetized 
dogs m which pressures were measured in the 
brachial artery, cephalic vein, and a small ar- 
tery and a small vein of the paw (with mainte- 
nance of a constant brachial artery flow by a 
pump), found that elevation of cephalic vein 
pressure produced dilation of the arteries and 
veins which was completely compensated for by 
constriction m the small vessel segment After 
procaine nerve block, the vessels respond like a 
passive elastic system Therefore, the observed 
small vessel constriction must have been of 
venous origin However, this local venovaso- 
motor reflex has not been confirmed by Green- 
field and Patterson (1956) using the plethysmo- 
graph 


Summary 

Change in activation of the vasoconstrictor 
fibers is responsible for blood pressure homeo- 
stasis and heat loss regulation of the skin blood 
flow Centrally induced vasodilation is caused 
almost entirely by inhibition of constrictor 
tone There may be a generalized or a strictly 
segmental or regional engagement, depending 
upon the type of stimulus Together with the 
sympathetic vasodilator fibers to skeletal mus- 
cles, vasoconstrictor fibers may affect specific 
vascular areas m a discharge pattern causing 
marked redistribution of blood flow The vaso- 
constrictor fibers are looked upon as the mam 
neurogenic adjustors of the peripheral circula- 
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tion showing prompt and rational adjustments 
of their impulse discharge to any change in 
environment, especially those changes that af- 
fect the hypothalamus and the vasoconstrictor 
center in the medulla. 

In the nerves from the pressure or stretch 
sensitive vascular walls of the aorta and carotid 
sinus, an increased number of impulses is dis- 
charged with each rise of blood pressure; the 
impulse frequency, systemic blood pressure, 
and heart rate can be varied at will when these 
areas are artificially perfused at different pres- 
sures and pulse pressures; section of the nerves 
results in a persistent hypertension. These 
presso- or baroreceptors are joined by the aortic 
and carotid sinus nerves with the nerve centers 
in the medulla oblongata, which maintain sys- 
temic blood pressure at normal levels. Any ar- 
terial blood pressure deviation causes com- 
pensatory reflexes, through the baroreceptors, 
to re-establish a normal blood pressure. The ef- 
ferent pathways to the heart for these barore- 
ceptor vasomotor reflexes are the vagus and the 
sympathetic; in addition, the sympathetic vaso- 
constrictor fibers adjust the size of the “resist- 
ance” and “capacity” vessels in control of pe- 
ripheral resistance to blood flow and the return 
of blood to the heart. The sympathetic fibers 


which control secretion of epinephrine and nor- 
epinephrine by the adrenal glands also stimu- 
late these secretions and add a blood-borne 
hormone to the nervous influence, but as al- 
ready indicated, this humoral influence is al- 
most insignificant compared to that of the di- 
rect nerve effect. 

The baroreceptors also react to nonspecific 
pharmacological agents. Baroreceptors exist in 
several other tissues — common carotid artery, 
thoracic and mesenteric arteries; these are 
probably not related to blood pressure homeo- 
stasis, but may be engaged in local reflex ad- 
justments of peripheral resistance and blood 
flow. Baroreceptor nerve endings are in the 
walls of the caval veins, heart (mainly the 
atria), and in the pulmonary circulation. Pre- 
sumably, these receptors are primarily engaged 
in the reflex adjustment of venous return, heart 
rate, blood volume, and cardiac output. In the 
presence of marked hypotension from hemor- 
rhage, chemoreceptors in the carotid and aortic 
bodies are excited to induce vasoconstriction in 
the resistance and capacitance vessels through 
the sympathetic constrictor fibers. Chemorecep- 
tors are also present in the pulmonary and cor- 
onary circulations, but the physiological stimuli 
adequate for their activation are not known. 



£ / REGULATION OF SYSTEMIC AND 
PULMONARY CIRCULATION 


SYSTEMIC CiRCCLATiON 

Arterial Blood Pressure 

The first determination of arterial blood 
pressure was in 1733 when the Reverend Ste- 
phen Hales inserted a brass cannula into the 
central end of the femoral artery of a horse, 
connected it to a long vertical glass tube, and 
observed that a column of blood filled the tube 
to a height of 8 ft , 3 in (185 mm Hg) 

ARTERIAL BLOOD PRESSURE 
IN MAN 

Normal Values. The average systolic pres- 
sure of young male adults at mental and phys- 
ical rest in the sitting position (as usually meas- 
ured in a routine medical examination) is 
usually given as 120 mm Hg, the diastolic as 
80, the mean pressure as 100, and the pulse 
pressure as 40 However, the range of normal 
blood pressures may be from 90 to 120 mm Hg 
systolic, and 60 to 80 mm Hg diastolic Slight 
diurnal variations in blood pressure of from 5 
to 10 mm Hg systolic occur, the peak being m 
the afternoon and the lowest level in the early 
hours of the morning 

Age, Sex, and Build. Age exerts a definite 
influence upon the blood pressure levels At 
birth, the systolic pressure measures from 20 to 
60 mm with an average of 40 mm It rises rap- 
idly, however, and has an average value of 
about 70 mm at the end of a fortnight and 80 
mm at the end of a month A slow steady rise 
takes place from this time until about the 12th 
year when it averages 105 mm With the onset 
of puberty, a more sudden rise occurs, which m 
boys reaches 120 mm at about the age of 17 A 
steady though not great rise in blood pressure, 
from adolescence to old age, is the rule in 
health, the averages for the age of 60 bemg 
given as about 140 systolic pressure and 87 dia- 
stolic In women up to the time of the meno- 
pause, the systolic pressure is from 4 to 5 mm 


lower than for men of the same age At the 
menopause houe\er there is a somewhat ab- 
rupt rise and the pressure remains a little 
above the male average from then on (Table 
3 20) 

Comparing groups of markedlv obese and 
normal persons, the former ha\e a rather pro- 
nounced increase of systolic pressure The inci- 
dence of abnormallv high blood pressure (hy- 
pertension) is also definitely greater m over- 
weight persons 

The Effects of Digestion, Emotion, Exer- 
cise, and Posture The systolic pressure is in- 
fluenced to a small but definite extent bv 
meals A rise of from 6 to 8 mm is the usual 
effect, and this lasts for an hour or so There is 
little change in the diastolic pressure, if any- 
thing, it is reduced, presumably as a result of 
vasodilation m the digestive organs and skin 

Quiet, restful sleep may be accompanied by a 
fall of from 15 to 30 mm in the systolic pres- 
sure The fall is most marked during the first 
hours, rising gradually again after this until the 
time of waking If the sleep is disturbed and 
accompanied by imaginary motor activities, 
there may be no depression of the pressure, but 
rather an elevation, in some instances to as 
high as 200 mm systolic and 105 mm diastolic 
Excitement, fear, worry, etc , markedly affect 
the arterial blood pressure, especially the sys- 
tolic The effects are brought about through 
increased cardiac action and changes m the 
state of the vessels through impulses playing 
upon the cardiac and vasomotor centers m the 
medulla The liberation of adrenaline into the 
blood stream may also be a factor 

Of all physiological conditions, exercise, if of 
a strenous nature, has the most powerful effect 
upon the arterial blood pressure During the 
muscular effort or even immediately before, 
1 e , at the instant that the exertion is contem- 
plated, the systolic pressure commences to rise 
and may reach a height of 180 or 200 mm Hg 
Except in well-trained persons or athletes, this 
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Table 3 20 

The average variations of blood pressure (after Hunters 
compilation of observations on a quarter million healthy 
Americans) 


Age 

Systolic 

Pressure 

Diastolic 

Pressure 

Pulse 

Pressure 

10 

103 

70 

33 

15 

113 

75 

38 

20 

120 

80 

40 

25 

122 

81 

41 

30 

123 

82 

41 

35 

124 

83 

41 

40 

126 

84 

42 

45 

128 

85 

43 

50 

130 

86 

44 

55 

132 

87 

45 

60 

135 

89 

46 


After Gager, 1930 


IS invariably associated with a large increase m 
heart rate to 150 or 180/min In the trained 
individual, the blood pressure rise may be quite 
mild The diastolic pressure shows a less pro- 
nounced rise (100 to 110) so that the pulse pres- 
sure IS increased In light exercise the diastolic 
pressure may remain at the normal level while 
the systolic rises several millimeters Immedi- 
ately after the exercise the pressure drops 
momentarily to normal or even slightly below 
It then mounts rapidly to its previous high 
level, from which it gradually declines again, 
and in a healthy person reaches the normal 
within from 1 to 4cV2 min The evanescent drop 
m pressure is explained as being due to the 
sudden relaxation of the abdominal muscles 
The blood is drained into the venous reservoirs 
These when deprived of their support (abdom- 
inal muscles) have their capacity increased and 
the blood flow into the right heart is tempo- 
rarily curtailed It is not until an appreciable 
time has elapsed to enable the increased venous 
capacity to become filled again by blood 
pouring m from the recently active muscles, 
that an adequate flow into the right heart is 
restored 

The diastolic pressure is somewhat higher in 
the standing than in the sitting position and 
lowest in recumbency This change is found to 
occur whether the postural change is brought 
about actively or passively and is evidently an 
overcompensation for the gravity effect The 
systolic pressure usually rises but to a less ex- 
tent than the diastolic, so the pulse pressure is 
reduced Pressures, however, taken at as short 
an interval as 10 sec after the erect position 
has been assumed, show that the initial effect is 


a fall of from 6 to 22 mm Hg m the systolic 
pressure This is sufficient to stimulate the ca 
rotid sinus and aortic mechanisms and cause 
increased vascular tone with a consequent 
compensatory rise in pressure Compensation is 
usually complete within 30 sec Reverting from 
the standing to the sitting or recumbent posi 
tion has the reverse effect, fall in diastolic pres 
sure and rise m pulse pressure In persons with 
an abnormally and habitually low blood pres 
sure, the systolic pressure may actually rise in 
the lying-down position and fall when the sub 
ject stands The diastolic, on the other hand, is 
always lowered in recumbency and raised m 
the erect posture 

The Systolic, Diastolic, Mean, and Pulse 
Pressures. Hales, in describing his expen 
ment, speaks of the blood column after it had 
ceased to rise further in the tube, oscillating 
above and below a mean level To quote his 
own words, “When it (the blood) was at its full 
height, it would rise and fall at, and after, each 
pulse, 2, 3 or 4 inches ” By recording with an 
adequate pressure manometnc system, these 
fluctuations are seen as waves synchronous with 
the heart beats (see Fig 3 153) The crest of the 
wave represents the maximal pressure, corre- 
sponding to the contraction or systole of the 
ventricle, and is called the systolic pressure 
The trough of the wave, i e , the point of min 
imal pressure, coincides with the end of the 



Fig 3 153 Arterial pressure pulses recorded from 
the central aorta C and the femoral artery F in the 
anesthetized dog Curve F-C beneath pulse tracings ob 
tamed by coordirectographic subtraction of the aortic 
pulse from the femoral pulse This represents the re 
fleeted or standing wave in the distal portion of the ar 
terial tree Time 0 1 sec ordinate pressures in milli 
meters of mercury (After Alexander 1 949 ) 
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resting phase or diastole oi the cardiac cycle, 
and IS called the diastolic pressure The mean 
pressure is usually given as half the sum oi the 
values for the systolic and diastolic pressures 
This would be strictly accurate only if the pulse 
wave inscribed a perfect triangle which, how- 
ever, IS not the case The average pressure 
throughout the cardiac cycle, i e , the true or 
geometric mean, is generally somewhat lower 
than this, lying nearer the diastolic than the 
systolic pressure This can be obtained by inte- 
gration of the curve 

The difference between the diastolic and sys- 
tolic pressures is the pulse pressure This is 
caused by the ejection of blood into the aorta 
during systole Its magnitude, other things 
being equal, will vary with the quantity of 
blood ejected by the heart at each beat 

The systolic pressure reflects mainly the dis- 
tensibility characteristics of the arterial system 
as it receives blood from the left ventricle It 
would be expected to undergo wider variations 
under the stresses of every day life than the 
diastolic pressure The latter represents the 
constant load which the arterial walls are called 
upon to bear and the resistance which the ven- 
tricular contraction must overcome to throw 
open the aortic valves Details of arterial pulse 
pressure changes are given on p 3-195 In the 
distributing arteries there is some amplification 
of the pulse pressure toward the periphery, 
but the two pressures tend to become more 
nearly equal in the terminal arteries, the pulse 
pressure there being reduced Since the pulse 
pressure is the difference between the systolic 
and diastolic pressures, it may be reduced by 
an alteration in one or other of these A rise m 
the systolic or a fall in the diastolic, will cause 
the pulse pressure to increase, while a fall in 
the systolic or a rise in the diastolic will lower 
the pulse pressure If both systolic and diastolic 
pressures rise or fall to an equal extent, the 
pulse pressure remains unchanged The mean 
pressure will rise as a result of a rise in either 
the diastolic or systolic pressure, or of both 
together, and will fall when a reduction of either 
or of both of these pressures occurs 

DETERMINANTS OF NORMAL ARTERIAL 
BLOOD PRESSURE 

Several factors combine to maintain normal 
arterial blood pressure They are, 1) the 
pumping action of the heart, 2) the peripheral 
resistance, 3) the quantity of blood in the arte- 


rial system, 4) the viscosity of the blood, and 
5) the elasticity oi the arterial w^alls 

Pumping Action of the Heart. The means 
by which the cardiac contraction exerts its ef- 
fect upon the arterial blood pressure is, ob- 
viously through the quantity of blood which it 
is capable of discharging into the aorta in a 
unit period oi time, i e , upon the output oi the 
heart per minute or stroke volume times heart 
rate When more blood is forced into the al- 
ready filled arterial system, it cannot escape at 
once from the system m the same amount as it 
is thrown into the aorta so the arterial walls 
become stretched The pressure rises until the 
velocity of flow through the arterioles is great 
enough to balance again the outflow from the 
system with the inflow Hales grasped this fun- 
damental fact when he wTote, “the real force 
(pressure) of the blood in the arteries depends 
on the proportion which the quantity of blood 
thrown out of the left ventricle in a given time 
bears to the quantity which can pass through 
the capillary arteries (arterioles) into the veins 
at that time ” 

Peripheral Resistance. The peripheral re- 
sistance depends upon the caliber of the small 
vessels, mainly of the arterioles and, to a less 
extent, of capillaries, and upon viscosity of 
the blood It has also been demonstrated by 
Haddy et al (1957) that the macroscopic ves- 
sels (smaller arteries and veins) contribute sig- 
nificantly to resistance across systemic vascular 
beds By far, the greater part of the peripheral 
resistance of the circulatory system is consti- 
tuted by the minute vessels of the muscles and 
of the abdominal structures In this connec- 
tion the importance of the latter — the so-called 
splanchnic area — can be demonstrated by tying 
off all branches of the aortic arch, except the 
carotids, and the abdominal aorta below the 
inferior mesenteric branch, when little change 
m peripheral resistance results, on the contrary, 
an increase in the latter at once occurs when 
the blood supply to the splanchnic area is re- 
duced by Lgatmg the superior mesenteric ar- 
tery Stimulation of the great splanchnic nerve, 
which innervates the rings of muscle fibers in 
the walls of these vessels, causes their constric- 
tion, and consequently a reduction m the out- 
flow from the arterial system The pressure will 
continue to rise until inflow and outflow are 
agam balanced. In the absence of compensatory 
changes m the other factors concerned in the 
maintenance of the pressure, this remains at 
the higher level so long as the constriction per- 
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sists Dilation of the vessels, i e , reduction m 
peripheral resistance, will of course be followed 
by the opposite effect When the vessels of the 
splanchnic area are fully dilated they are ca- 
pable of accommodating almost all the blood in 
the body, in such an event the blood pressure 
would fall to zero The peripheral resistance 
might be compared to a dam in a river If the 
dam is raised or lowered, and no change occurs 
in the supply of water flowing down the river to 
the dam, the water continues to rise or fall, 
respectively (and its pressure m consequence 
increases or diminishes), until it reaches the 
new level From then on the quantity of water 
which overflows in a given time is the same as 
it was at the original level 

The total peripheral resistance in animals or 
in man can be calculated from the mean blood 
pressure gradient (M) and the cardiac output 
(F), since all blood entering the aorta must, of 
course, pass through the peripheral vessels 
This can be derived for the whole body from 
the simultaneously measured arterial pressure 
and cardiac output, and for an organ or region 
from the local arterial pressure and flow There 
IS a curvilinear relationship between pressure 
and flow in the aorta (Fig 3 154) This is also 
true m separate vascular beds where pressure 
and flow have been measured but the shape of 
the curves may be quite different 

Various terminologies have been used to de- 
fine peripheral resistance A peripheral resist- 
ance unit (PRU) has been defined as the flow 
in ml /sec /I 0 mm Hg pressure gradient 


ml /sec 

For a resting human with a cardiac output of 
6 liters/min and mean blood pressure gradient 
from systemic arteries to veins of 100 mm Hg, 
the resistance would be 


PRU 


100 mm Hg 
100 ml /sec 


Values range from 0 25 PRU with marked vaso- 
dilation to 4 0 PRU with intense vasocon- 
striction m man 

In the pulmonary circuit with a mean pulmo- 
nary arterial pressure of 14 mm Hg and mean 
left atrial pressure of 4 mm Hg the gradient 
would be 10 mm Hg At the same cardiac 
output of 6 liters/min , the total peripheral re- 
sistance would be 


PRU 


10 mm Hg 
100 ml /sec 


Values range from 0 03 PRU with exercise to 
1 0 PRU in pulmonary hypertension 
Many authors take such a ratio and by ex 
pressing M in dynes per square centimeter and 
F as milliliters per second, the peripheral resist 
ance can be given m absolute units of force 
Thus, 

Peripheral resistance (R) = — ^ 

F(ml /sec ) 

^ _ dynes/cm ^ 
cm Vsec 
^ dyne sec 

cm ® 

1332 IS a figure for the conversion of pressure to 
dynes 

The peripheral resistance so calculated is 
found to vary inversely with the size of the 
animal, i e , directly with the surface area It 
amounts normally to from about 600 to 2000 
absolute units in man, but may be over 5000 m 
arterial hypertension in which F shows little 
change The values for the dog and rabbit 
range from 2000 to 9000 and from 11,500 to 



Fig 3 154 Relationship between mean arterial pres 
sure in millimeters of mercury (abscissa) and cardiac 
output in liters per minute (ordinate) in a typical ex 
penment Solid circles represent values observed with 
buffer nerves intact open circles values obtained after 
bilateral vagotomy and while a constant pressure of 210 
mm Hg was exerted upon the isolated innervated caro 
tid sinuses (From Levy et al 1954 ) 
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12,000, respectively This means that the 
minute vessels m a large animal offer less re- 
sistance than do the fewer number in a smaller 
animal, even though the vessels of both are 
constricted to the same degree This is due to 
the fact that the rate of flow m the smaller 
animal is greater m relation to the size of its 
vascular bed (cardiac output bearing a constant 
relationship to surface area which vanes in- 
versely with body weight) 

Quantity of Blood m the Arterial System 
In any closed system of rigid tubes fluid must 
fill it to capacity in order that a pressure can be 
developed within it The arterial walls are dis- 
tensible and elastic, and a certain degree of 
stretching of these must occur before any con- 
siderable pressure is created The arterial 
system must be actually over-filled, and the 
greater the extent of the over-filling, the 
greater will be the blood pressure Loss of 
blood, either of all its elements, as in hemor- 
rhage, or of the fluid portion alone, if not com- 
pensated for sufficiently by readjustment of the 
other factors concerned in blood pressure main- 
tenance, must inevitably result in a fall of pres- 
sure Increasing the total amount of circulating 
fluid artificially, as by the transfusion of blood 
or blood substitute, will elevate the pressure 
again 

Viscosity of the Blood The greater the vis- 
cosity or “thickness” of any liquid the greater 
is the pressure required to force it along a 
length of narrow tube in a given time, or if the 
pressure remains constant the longer will be the 
time required for the liquid to traverse the 
tube The frictional resistance which is devel- 
oped between the parts of the liquid itself, that 
IS, the internal friction is greater when the vis- 
cosity IS high than when it is low Viscosity 
depends upon the degree to which the mole- 
cules or particles of a fluid cohere Blood is 
some five times more viscous than water ^ With 
regard to the influence of viscosity upon the 
blood pressure, it is again a matter of outflow 
through the arterioles If the driving force re- 
mains constant and the caliber of the vessels is 
unchanged, then the greater the viscosity, the 
greater will be the frictional resistance devel- 
oped in this region, and the less will be the 
quantity of fluid that will pass through in a 

' This is an average figure Values obtained by dif- 
ferent observers for the viscosity of blood, taking dis- 
tilled water as unity, vary considerably but the ma- 
jority range between 4 5 and 5 5 


unit of time The blood owes its viscosity to its 
colloids (plasma proteins) and to an even 
greater extent its suspended corpuscles, friction 
IS developed between the surfaces of the latter 
and the surrounding fluid Changes in the con- 
centration of the blood as a result of changes m 
its protein content or m the number of its cor- 
puscles will therefore alter its viscosity 
Elasticity of the Vessel Walls. This is con- 
cerned mainiv with the origin and maintenance 
of the diastolic pressure and with sustammg the 
mean pressure at a higher level than would be 
possible m a rigid system under otherwise iden- 
tical conditions The conversion of the pulsatile 
flow to a uniform one depends also upon the 
existence of a diastolic pressure 
The physical principles involved m the mam- 
tenance of the diastolic pressure and the disap- 
pearance of the pulse beyond the arterioles may 
be best illustrated by a simple artificial model 
similar m principle to one devised by Borelli 
for the same purpose some 300 or more years 
ago In Figure 3 155 is represented a bulb sy- 
ringe, S, vahed at V, and having a short tube, 
T, which dips into a basin of water Leading 
from the opposite pole of the bulb is a longer 
tube When the bulb is alternately compressed 
and released, fluid is drawn from the basin and 
discharged from the mouth of the tube If the 
walls of the latter are composed of some rigid 
material (Fig 3 155A), it will be found that 
when the pump is worked the fluid issues from 
the tube in spurts or jets synchronous with each 
stroke, but no flow occurs between the strokes 
An increase in the frequency or force of the 
strokes does not alter the intermittent character 
of the flow nor does lengthening the tubing If 
the peripheral resistance of the vascular system 
be imitated by attaching a nipple of small bore 


S Rigid tubing 



Fig 3 155 Demonstration of pulsatile and continuous 
flow 
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to the mouth of the delivery tube so as to in- 
crease the resistance to the outflow of fluid, the 
issuing stream is finer and its velocity is in- 
creased, but it still remains intermittent Let 
the elasticity of the arterial wall now be imi- 
tated by replacing the rigid tube by one of rub- 
ber, yet let the mouth of the tube be left free 
and not constricted in any way (Fig 3 155B) 
The intermittent character of the stream is 
unaffected However, if the small-bored nipple 
representing the peripheral resistance be fixed 
into the mouth of the elastic tubing the stream 
will be found to have lost its pulsatile character 
and to have become continuous (Fig 3 155 C) 
Two factors are therefore necessary to produce 
this result, a) resistance to the outflow, and h) 
elastic tubing The reasons for this are clear If 
the fluid has free egress from the tube, most of 
that which enters it from the pump is dis- 
charged from the open end before the next beat 
occurs, the pressure, m consequence, does not 
rise to a sufficient height to distend the rubber 
wall, 1 e , elasticity is not called into play, over- 
filling of the tube does not occur, and in conse- 
quence the latter acts simply as though it were 
composed of rigid material 
The foregoing facts apply directly to the ar- 
terial system The elasticity of the vascular 
walls and the peripheral resistance are both 
essential for the maintenance of the diastolic 
pressure As the contents of the ventricle are 
thrown into the already over-filled system 
during systole the added pressure which is then 
exerted upon the vascular walls causes their 
further distension After the completion of sys- 
tole, the elastic walls rebound and, pressing 
upon the blood within their embrace, force it 
onward through the peripheral vessels In other 
words, the arterial lumen returns to its previous 
diameter and the energy that had been stored 
up during the stretching of the elastic tissue is 
in this way gradually expended during diastole 
The elastic recoil of the arterial wall thus acts 
in a sense as a subsidiary pump to drive the 
blood onward in a continuous stream between 
the heart beats Otherwise, the pressure would 
fall to zero after each systole 
It IS clear then that any increase m the elas- 
ticity of the arteries, other factors remaining 
unchanged, will tend toward a lowering of the 
diastolic pressure If the aorta and its larger 
branches are stiffened (as a result of sclerotic 
changes), they cannot expand to the same de- 
gree as can healthy, resilient vessels, and there- 


fore do not so readily accommodate the blood 
(60 to 100 ml ) ejected from the heart during 
systole Such a state will lead to a rise in the 
systolic pressure Normally, however, the cross 
sectional area of the aorta increases consider 
ably with age, so that it needs to expand much 
less to accommodate the systolic discharge 

CRITICAL CLOSING PRESSURE 

The finite intravascular pressure at which a 
vessel will close has been termed critical closing 
pressure It is measured by progressively low- 
ering perfusion pressure and determining the 
level at which flow ceases This has been con- 
sidered an index of vasomotor tone, although 
the subject remains controversial There is 
ample experimental proof that perfused periph- 
eral vascular beds behave as though there exists 
a finite level of pressure at which resistance 
vessels simultaneously collapse, since flow 
ceases before driving pressure is reduced to 
zero Controversy exists over whether this 
mechanism plays a role physiologically In some 
situations, e g , the isolated rabbit ear perfused 
at low vascular tone, critical closure can be 
shown not to occur As L E Bayliss has sug- 
gested (Daly and Hebb, 1966), large numbers of 
resistance vessels often he in parallel in tissues, 
and it seems unlikely they would all have iden- 
tical critical closing pressures Thus, they would 
tend to close one after another and resistance 
should rise gradually, rather than becoming 
suddenly infinite, ]ust as if the vessels were 
becoming gradually smaller In any case, the 
concept is quite generally used to explain cessa- 
tion of flow through a perfused tissue when this 
occurs at perfusion pressures greater than zero 

The idea of critical closing pressure has been 
evoked to explain, for example, renal failure in 
hypotensive shock Renal arteries are capable of 
high vasomotor tone which would increase re- 
flexly with drop in arterial pressure, thus ac- 
counting for shutdown of kidney function when 
mean arterial pressures fall below 60 mm Hg 
or so 

THE ARTERIAL PRESSURE PULSE 

Velocity. The pressure change created by the 
ejection of blood into the aorta from the left 
ventricle is propagated throughout the arterial 
tree with a velocity considerably greater than 
the forward movement of the blood itself Were 
the vascular walls rigid, the impact of ventric- 



Chapter 9 


uiar ejection would be transmitted almost in- 
stantly, since liquids are incompressible How- 
ever, the arterial walls are elastic and transmis- 
sion velocity of the pulse wave is determined 
largely by vascular distensibility (i e , with the 
change m volume for a given change m pres- 
sure, AV/AP) The relationship may be ex- 
pressed as follows u ^ KiVAP/AV)^^^ where v 
is pulse wave velocity, V is initial volume, AV 
is mcrement in vessel volume, AP is increment 
in pressure and X is a constant (Bramwell 
and Hill, 1922) As vessel wall stiffness m- 
creases (decreased compliance), AV decreases 
and pulse wave velocity increases With in- 
creased blood pressure the arterial wails are 
more strongly stretched and pulse wave veloc- 
ity increases (Fig 3 156) Similarly, the velocity 
IS increased in old age when arterial walls are 
stiffened by arteriosclerosis The velocity in 
the young adult aorta is 3 to 4 m /sec and in- 
creases to 10 m /sec in the elderly In the 
stiffer peripheral arteries pulse wave velocity 
is 7 to 14 m /sec 

Contour. The shape of the pulse curve 
changes as it travels peripherally (Fig 3 153) 
The high frequency components, such as the 
incisura, are damped out and disappear The 
systolic portion of the pressure wave becomes 
more narrow and its peak exceeds that of the 
central curve (i e , systolic pressure is higher 
peripherally) The diastolic limit of the pressure 



Pressure, mm Hg 

Fig 3 156 Curve showing the relation between ar- 
terial blood pressure (abscissa) and pulse wave velocity 
(ordinate) (From Landowne 1 958 ) 
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pulse becomes lower, so that a mean pressure 
gradient accounting for blood flow prevails A 
hump appears in the diastolic part of the pulse 
wave The pressure wave passing along the ar- 
terial tree rebounds from areas of greater resist- 
ance, and travels retrogradely The magnitude 
of such a reflected wave can be roughly deter- 
mined by subtraction of the peripheral pulse 
pattern from the central aortic pattern (Fig 
3 153) Different parts of the pulse wave travel 
at different velocities, thus, contributing to the 
alteration in pattern from aorta to periphery 
The high pressure portion travels faster than 
the low pressure portion because arterial dis- 
tensibility is less at higher pressure The result 
IS crowding together of high pressure compo- 
nents at the periphery and peaking of the pres- 
sure pulse at the periphery (Fig 3 153F) 

Determinants of Aortic Pulse Pressure 
Pattern. The aorta and its larger branches can 
be regarded as a large elastically distensible 
compression chamber with cardiac ejection en- 
tering at one end and drainage occurring at the 
other end The chamber possesses varying de- 
grees of distensibility, conforming to those ex- 
isting in various portions of the aorta and its 
branches The generated pulse pressure is 
caused by an imbalance between the ventric- 
ular outflow entering the aorta, and the periph- 
eral run-off leaving the aorta with each systole 
The systolic portion largely expresses input into 
the aorta, the diastolic portion expresses de- 
compression of the aorta or peripheral run-off, 
since, at this time, it is disconnected function- 
ally from the ventricle Four factors are of 
major importance in determining the pressure 
and increments of pressure from moment to 
moment the elasticity or distensibility of the 
vessel walls, the volume of contamed blood, the 
volume increment from cardiac ejection, and 
the decrement in volume caused by peripheral 
drainage These relations are expressed by the 
equation 

E = {AP/Av) V 

in which E ^ volume-elasticity coefficient, AP 
= change in pressure, Av = change m volume, 
and V = capacity of aorta in diastole If the 
aorta and arteries constituted a simple elastic 
chamber, the pressure-volume relations (P/V) 
should be predictable from the preceding, and 
if P is known, V should become available It 
would be helpful if such a relation could be 
used to indicate what is happening to the blood 
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and whether the effect is centrally or peripher- 
ally induced However, difficulties in such an 
approach are 1) there is no way to quantitate 
V, 2) the pressure-volume relation of any part 
of the aorta is linear over only a limited pres- 
sure range, 3) distensibility is different in var- 
ious regions of the arterial tree, and 4) changes 
have been revealed in the distensibility charac- 
teristics of the aorta by reflex stimulation and 
adrenalin injection 

Usefulness of Aortic or Central Artery 
Pulse Patterns. Despite the difficulties in elu- 
cidating the pressure volume relations in the 
aorta, pressure pulses from the large arteries, 
depicting fairly well the pattern of the central 
aortic pulse pressure, have been found useful in 
predicting hemodynamic changes Such inter- 
pretation and extrapolation is based on experi- 
ments in dogs in which changes in peripheral 
resistance and cardiac activity have been delib- 
erately induced and their effects on the pres- 
sure pulses separately determined Figure 3 157 
shows the human subclavian pulse obtained 
indirectly The duration of systole and diastole 
can be determined In the presence of a high 
peripheral resistance and m a normal vessel, 
the pulse shows a much steeper rise throughout 
systole In the presence of a low aortic resist- 
ance but with good vascular volume, the curve 
has an initial early spike followed by a lower 
systolic tip, a rapid decline and a greatly re- 
duced slope during diastole When the stroke 
volume IS low, as in hemorrhage, the systolic 


part is small, smooth, and rounded, and dias 
tole is almost flat Decreased distensibility of 
the aorta is revealed by a rapid, sustained, and 
large elevation of the pulse, a high incisura and 
a gradual decline during diastole Distinctive 
pulse patterns caused by lesions of the aortic 
valves are also shown Attempts to use central 
arterial pressure pulses to estimate stroke 
volume have been numerous but none has been 
successful 

Aeterial Btood Flow 

With contraction of the human ventricle, a 
stroke volume or systolic discharge of 60 to 70 
ml IS ejected into the distensible aorta within 
less than 0 25 sec Of this, at least 45 ml is 
pushed into the aorta within the first 0 1 sec 
Space for this volume in the aortic arch is made 
by distending it and by removing some of its 
blood The resulting pressure change travels as 
a wave throughout the length of the aorta and 
its branches to the capillaries (and sometimes 
through them), and expands the entire arterial 
tree radially and longitudinally This enlarge- 
ment results in a forward movement of blood 
from aortic valves to capillaries before the end 
of ventricular systole 

PHASIC AORTIC FLOW 

The phasic flow in the ascending aorta of the 
dog IS roughly triangular in shape Fig 3 158A 
Acceleration reaches a peak ejection rate early 




distensibility 



Aortic Stenosis 


Aortic insufficiency 


Fig 3 1 57 Illustration of changes in contour and amplitude of subclavian and radial pulses under abnormal cardio 
vascular conditions Discussion in text Note changes in transmission rates (Wiggers 1 952 ) 
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Fig 3 158 >4 Tracings from bottom to top flow in the ascending aorta pressure in the aorta (from Wetterer 
Minnesota Med 1954 37 79) B Tracing from top to bottom pressure m aortic arch flow in terminal aorta (from 
Spencer Circulation Res 1958 6, 492) C Simultaneous recording of 1) aortic axial pressure drop between two 
points 6 cm apart at level of subclavian artery 2) computed blood velocity at this level and 3) aortic blood pressure 
at subclavian artery junction (From Fry et al 1957 ) 


m systole following which there is a rapid de- 
celeration ending in a momentary, small, high 
frequency backflow at the time of closure of the 
aortic valves The flow curve is flat with almost 
zero velocity during most of diastole The con- 
siderable modifying effect of the aorta upon the 
left ventricular ejection pulse is seen in Figure 
3 158J5,' taken near the terminus of the aorta 
The flow pulse is now a series of smooth, highly 
damped oscillations of a frequency of 3 to 4 
cycles/sec which continue to extinction, but 
which are renewed with each heart beat There 
IS quite a large backflow m very early diastole 
Flow pulses m the isthmal area of the aorta 
(proximal portion of descending aorta) are in- 
termediate in pattern between the central and 
abdominal patterns In Figure 3 158C are the 
calculated blood velocity curve and the aortic 
differential pressure curve, the latter taken by a 
double lumen catheter with pressure pick up 
holes 6 cm apart This shows the positive and 
negative acceleration waves which act on the 


aortic blood column to produce the flow pulsa- 
tions The effects of inertia are seen throughout 
the cardiac cycle The beginning upstrokes of 
both pressure and flow curves coincide quite 
well, but when the first positive wave of the AP 
reaches its peak, flow acceleration is maximal, 
and when AP is maximally negative, flow de- 
claration IS maximal This represents about a 
90° phase lag 

PHASIC FLOW IN PERIPHERAL ARTERIES 

Flow patterns and simultaneous intra-artenal 
pressure curves characteristic of several periph- 
eral arteries are illustrated m Figure 3 159 
There are certain distinguishing characteristics 
A flow pattern is made up of waves whose 
directional changes have a qualitative corre- 
spondence with gradient changes in the simul- 
taneously recorded intravascular pressure pulse 
and which may be characteristically distinctive 
for that artery and vascular bed Since the flow 
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Fig 3 159 Phasic flow m peripheral arteries ob- 
tained by orifice meter (Shipley and associates 1943) 


velocity vanes with the differential pressure 
existing at the site of the flow meter, similarity 
in contour of the flow and applied pressure 
pulse IS one criterion for the comparison of flow 
curves from different arteries Certain patterns, 
especially those of the superior mesenteric and 
renal arteries, have a well-rounded and sus- 
tained systolic portion in relative conformity to 
that of the pressure pulse Those of the hepatic 
and common carotid arteries are less well- 
rounded, those of the brachial and femoral ar- 
teries have a sharp systolic peak The flow pulse 
pressure is generally small in the renal and axil- 
lary patterns, and somewhat larger in the supe- 
rior mesenteric and hepatic, while the femoral 
may be quite large Backflow components are 
consistently found in the femoral and axillary 
patterns and, on occasion, m the common ca- 
rotid, while the renal, hepatic, and superior 
mesenteric flow curves exhibit only forward 
flow However, the mam feature which permits 
a separation of the flow curves is the variable 
relation of the early diastolic to presystolic flow 
rates Comparison of this relation with similar 
early diastolic and presystolic points on the cor- 
responding pressure curve, shows that the supe- 
rior mesenteric, renal, hepatic, common ca- 
rotid, and femoral patterns have, on this basis, 
a progressively graded dissimilarity to their 
respective pressure curves 

ARTERY TO VEIN PRESSURE AND FLOW 

In the quite small vessels (0 2 mm diameter) 
dog forepaw, while constant blood flow is 
maintained by a pump (Fig 3 160), it can be 
seen that with the environmental temperature 


at 20° C , the pressure drop from small artery 
to small vein approximates 40 mm Hg, and 
from small vein to large vein, 6 mm Hg (Fig 
3 161) Upon exposure to 0° C , the increase m 
pressure gradient is almost entirely through the 
small vessels with little gradient change be 
tween the small and large veins Since the 
blood flow was maintained constant, the m 
crease in pressure gradient represents directly 
active vasomotor resistance changes 

Venous Pressure 

The superficial veins, which can be observed 
and whose pressure values and pulse pressure 
contours can be easily measured, serve as indi 
cators of the functional status of the less acces 
sible and deeper lying portions of the systemic 
venous system 

THE VENOUS PRESSURE PULSE 

The venous pressure pulse is best determined 
with the subject in the recumbent position 
Venous pressure is measured directly with an 
indwelling needle or catheter, or indirectly 
(without pressure values) by applying a cup 
over a vein external to the chest, such as the 
jugular, and connected to a manometer or a mi 
crophone receiver The venous pulse waves are 
usually timed against an electrocardiogram, 
arteriogram, or phonocardiogram (see chap 
4) Two distinct types of pulsations, respira 
tory and cardiac, are seen in the peripheral and 
central veins With inspiration, blood is aspi- 
rated into the chest and the external veins tend 
to collapse while internal veins expand, with 
expiration, venous inflow is impeded and the 
external veins become distended while the 
chest veins tend to become smaller These 
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Fig 3 1 60 Schema showing means of measuring 
pressure gradient and resistance across small peripheral 
vessels (Haddy, 1958) 
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Fig 3 161 Effect of temperature change upon vascu- 
lar pressures with flow rate constant in the foreleg of the 
dog Ordinate blood pressure Abscissa time in minutes 
and temperatues in ° C Numbers at each curve indicate 
number of animals in each series ^ Cephalic vein □ 
small vein O small artery H brachial artery 

changes make up the respiratory venous pulse 
The cardiac venous pressure pulse represents a 
retrograde reflection of a somewhat distorted 
version of the right atrial pulse pattern (see 
chap 4) These a, c, v, waves are clearly seen 
in the record obtained from a peripheral vein 
in Figure 3 162 

NORMAL VENOUS BLOOD PRESSURE 
AND ITS VARIATIONS 

Using the techniques previously described, 
mean blood pressure m the large, superficial 
veins of unanesthetized man at rest and in the 
supine position is found to be a function of dis- 


tance from the right atrium The average value 
decreases from 13 8 mm Hg (188 mm H 2 O) m 
the dorsal venous arch of the foot to about 5 2 
mm Hg (70 mm HgO) m the jugular vein The 
average pressure of 7 1 mm Hg (97 mm H 2 O) 
in the antecubital vein drops to about 4 6 mm 
Hg (63 mm H 2 O) in the vena cava opposite the 
right atrium (Fig 3 163) Thus, the overall ve- 
nous pressure gradient approximates 9 2 mm 
Hg (125 mm H 2 O) with a pressure difference 
of only a few mm H 2 O occurring between the 
upper thoracic veins and the right atrium Al- 
though venous pressure measurements in the 
same subject are quite constant, considerable 
variation (up to 100 mm H 2 O) may occur in 
the venous pressure from the same area in dif- 
ferent persons 

Peripheral and central venous pressures are 
altered in the same direction under many cir- 
cumstances They do not appear to be related 
to age, sex, or hypertension, but they are de- 
creased in severe hemorrhage and surgical 
shock They are increased by positive pressure 
breathing, the Valsalva maneuver, tilting, the 
excitement stage of anesthesia, the apneic 
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Fig 3 162 The jugular venous pulse pattern C/W 
of a normal subject An electrocardiogram (FCG) and caro- 
tid pulse tracing were simultaneously recorded The 
presystolic a wave is caused by atrial contraction The c 
peak IS secondary to closure of the tricuspid valve al- 
though It may also represent transmission of the ar- 
terial pulse to the vein The descending limb of the pulse 
tracing after the c wave is secondary to emptying of the 
vein into the right atrium The negative x wave occurs 
dunng lowering of the atrioventricular septum and tri- 
cuspid valve during ventricular systole Then the pressure 
rises as the right atrium fills to form the v wave The 
second negative depression the y wave represents the 
fall m jugular venous pressure as the tricuspid valve opens 
and the right atrium empties (From Wood 1968 ) 
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Fig 3 163 Comparison of central venous pressure (CVP) and the peripheral venous pressure IP\/P} After release 
of occluding cuffs at the thighs the pressures return to control levels without a change m the pressure gradient (From 
Gauer et al 1 956 ) 


phase of asthmatic attacks, and m Cheynes- 
Stokes breathing The main pathological condi- 
tion m which central and peripheral venous 
pressures are elevated, sometimes as high as 22 
mm Hg (300 mm H 2 O) m the antecubital 
vein, is congestive heart failure 

DETERMINANTS OF VENOUS PRESSURE 

The interplay of factors which determine sys- 
temic venous pressure and venous flow can be 
briefly stated The veins are placed between 
the capillaries or the AV anastomoses, and the 
right heart The blood enters the venules with 
an appreciable pressure residuum (vis a tergo) 
from the arterial side, after it has passed 
through the capillaries This pressure is met by 
the resistance to flow from the veins themselves 
and from the heart itself (the vis a fronte) The 
venous pressure is affected by internal factors 
which control the relation between the con- 
tained venous volume and the state of distensi- 
bility of its vessel walls Finally, there are var- 
ious external or extramural factors (vis a latere), 
such as the actions of respiration, muscle, and 
gravity, which together represent the pressure 
effect of the surrounding tissues These factors 
act to insure that the pressure in the veins can 
never be less than the right atrial pressure, and 
whenever right atrial pressure increases, the 
peripheral venous pressure increases This ex- 
cess of pressure (10 to 12 mm Hg or 125 mm 
H 2 O) in the various veins, over that m the right 
atrium, is an expression of the pressure gra- 
dient (Pi~p 2 in Poiseuille^s formula) This, to- 
gether with a reasonable venous cross-section, 
causes blood to flow from vein to atrium 
The Contraction of the Left Ventricle (the 
‘*Vis a Tergo’*). Vis a tergo means “force 
from behmd,” and represents the pressure gra- 
dient from any point in the systemic circulation 


to the right atrium Vis a fronte means “force 
from the front,” and has been used to represent 
any factor which affects the flow of blood into 
the right atrium Since both positive and nega 
tive pressure influences operate, usage of the 
term has become confusing It has been em 
ployed to designate 1) the “back” pressure from 
the right atrium which impedes blood flow into 
the heart, 2) the controversial suction effect of 
ventricular dilatation, 3) the effect (“respira 
tory pump”) of negative iritrathoracic pressure 
which draws blood into mtrathoracic veins, and 
4) the impediment to venous return imposed by 
positive mtrathoracic pressure (e g , the Val 
salva maneuver) (Guyton, 1963) 

The energy of the ventricular contraction 
(the “vis a tergo”) is expended m driving blood 
through the arterioles and onward through the 
capillaries and veins to the right atrium By the 
time the blood reaches the venules, the re 
maining pressure may approximate 7 to 8 mm 
Hg When it reaches the right atrium, the en- 
ergy has been almost entirely dissipated in 
overcoming the frictional resistance offered by 
the vascular channels, at this point, the pres- 
sure may be less than 1mm Hg 

Quantity of Blood Flowing through the 
Arterioles in Relation to Capacity of the 
Veins, With dilated arterioles, the difference 
between the arterial pressure on the one hand 
and venous pressure on the other, tends to be 
reduced, with constricted vessels the pressure 
difference will be increased Rough estimates 
based on the volume-elasticity of the various 
compartments of the vascular system indicate 
that if a liter of blood is transfused into the cir- 
culation of man at rest, only 10 to 20 ml would 
be found m the arterial tree and about 980 ml 
in the extra-arterial system (systemic venous 
and pulmonary circuits), and that the pressure 
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elevation in the whole system would be onb 4 
or 5 mm Hg In bleeding and transfusion ex- 
periments in man, the circulation beha\es like 
an elastic container, with pooling of blood m 
the extremities by occlusive cuffs, the central 
venous pressure falls without any apparent sign 
of counter-venomotor control This emphasizes 
the view that normal stresses to which the cir- 
culation IS exposed, if they are not too abrupt 
or excessive, lead to only passive change in the 
resistance vessels and systemic venous system, 
and do not cause relaxation or strong contrac- 
tion of the peripheral capacitance vessels 
The veins are capable of adjusting their ca- 
pacity to the quantity of blood received from 
the arterial system by reflex vasomotor activity 
The participation of venomotor tone in the con- 
trol of the venous pressure and venous blood 
flow can be shown in animal experiments in 
which oxygen want, high CO 2 , stimulation of 
the carotid sinus, and excessive hemorrhage are 
effective in reducing the size of the capacitance 
vessels In man, using strong stimuli such as 
the Valsalva maneuver, asphyxia, high G, or 
large blood losses, the veins constrict m what 
may be called an emergency reaction In the 
latter case, the central venous pressure may be 
normal or even increased 
Central and peripheral venous pressures do 
not necessarily shift m the same direction The 
pressure gradient from very small veins (0 5 
mm diameter or less) to large central veins, is 
not necessarily constant and can be markedly 
affected by various states With cold, hyperven- 
tilation, and moderate exercise, only the pe- 
ripheral venous pressure may rise significantly 
This often independent action of local venous 
pressure and central venous pressure indicates 
that reflex venomotor activity of the capaci- 
tance vessels in normal persons is highly selec- 
tive and regional in operation and that local 
small vein or venule pressure is not necessarily 
an index of happenings in the central venous 
system Hence, the state of distensibility of the 
arterioles, venules, and small veins, and large 
central veins, are not necessarily related, and 
net effects are unpredictable 

The Action of the Right Side of the Heart 
upon the Blood Flow in the Veins. Ob- 
viously, if the blood is not passed on again by 
the right heart as quickly as it is carried to it by 
the great veins, the venous pressure will rise If 
the heart fails, the venous pressure rises and 
back pressure effects ensue 


There is experimental proof that the activity 
of the right ventricle itself actually mcreases 
greatK vena ca\al flow into the right atrium 
This IS illustrated in the \ ena ca\ al flow cur\ es 
of Figure 3 164, in which it can be seen that 
there is a larger forward flow of blood during 
right ventricular systole than during diastole 
During contraction, the descent of the atrioven- 
tricular junction enlarges the great venous res- 
ervoir which comprises the atria and venae 
cavae Obviouslv, this could be a very usehil 
mechanism for maintaining venous return 
during tachycardia In slow hearts most of 
atrial inflow occurs during the long ventricular 
diastole, but during a rapid heart rate the pro- 
portion of atrial inflow due to active systolic 
‘"injection” of blood from the veins into the 
right atrium is greatly increasea 
The influence of cardiac action upon the 
movement of blood m veins and atria does not 
necessarily imply that the ventricles exert an 
aspirating action during diastole This problem 
has been debated many years and is considered 
on page 3-103 In general, it can be said that 
under strictly controlled experimental condi- 
tions, there is some positive evidence for this 
Sometimes when vigorous respiratory efforts 
are made, slight fluctuations of the venous 
pressure can be detected in the peripheral veins 
of the human subject These variations rarely 
amount to more than 10 mm of H 2 O, but may 
be considerably higher than this when dyspnea 
resulting from obstruction to the free entrance 
and egress of air from the lungs exists Owing 
to the inertia of the blood column, the aspir- 
ating effect is less evident, the nearer to the 
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Fig 3 164 Simultaneous recording in open-chest dog 
of aortic pressure superior vena cava pressure and pul- 
monary artery pressure and superior vena cava flow with 
bristle flowmeter Note acceleration of venous return dur- 
ing systolic ejection (From Brecher 1956) 
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periphery at which the pressure measurements 
are made 

If a forced expiration is made with the glottis 
closed (Valsalva’s maneuver), the negative 
mtrathoracic pressure can be abolished and a 
positive pressure of several millimeters of mer- 
cury substituted The veins of the neck, face, 
and limbs become distended with blood as a 
result of the impediment to the flow into the 
right atrium The peripheral venous pressure 
under these circumstances may rise to 400 mm 
H 2 O or more In the converse maneuver of 
Mueller in which a forced inspiration is made 
with the glottis closed, the powerful suction ef- 
fect may cause a fall of 50 mm H 2 O or so in 
the venous pressure of a peripheral vein 

Youmans et al (1963), have described an 
abdominal compression reaction in anesthe- 
tized dogs, thought to influence cardiac filling 
^onic contraction of abdominal muscles is sus- 
pended during inspiration and restored upon 
its cessation Procedures which decrease blood 
volume in cardiac chambers lead to increased 
activity of the abdominal muscles without 
causing corresponding changes in amplitude of 
inspiration It is speculated that this reaction 
may serve to compress abdominal vessels and 
thus favor venous return 

External Forces Natural and artificial res- 
piration have a very large effect on central ve- 
nous pressure and flow Direct measurements 
of flow with the bristle flowmeter in the closed- 
chest dog have shown flow to increase m both 
the superior and inferior vena cava during in- 
spiration, and in turn, this effect is trans- 
mitted to the outlying veins (Fig 3 165) In the 
closed-chest dog, intermittent, positive-atmos- 
pheric-pressure artificial respiration (expira- 
tion occurring passively against atmospheric 
pressure) reduces significantly venous return to 
the right heart over that occurring with natural 
respiration Intermittent positive-negative pres- 
sure respiration (use of mild suction during 
expiration) augments vena caval flow over that 
occurring during positive-atmospheric pressure 
respiration In unanesthetized, normal humans, 
continuous negative pressure breathing in- 
creases cardiac output and stroke volume, while 
continuous positive pressure breathing has the 
opposite effect The untoward effects of artifi- 
cial respiration arise when there is positive 
pressure applied during artificial inspiration, 
the ii|;tj:apleural pressure, instead of decreasing, 
actually increases, and may even become posi- 


. ' SECOND 



Fig 3 1 65 Effect of spontaneous respiration on ve 
nous return and cardiac output (closed-chest) Tracings 
from top to bottom time and base line aortic pressure in 
millimeters of mercury pulmonary artery superior vena 
caval (SVC) and mtrathoracic pressure (/TO in millimeters 
of water pulmonary arterial and superior vena caval flows 
in cubic centimeters per minute A beginning of inspire 
tion S acceleration of superior vena caval flow during 
ventricular systole D acceleration of superior vena caval 
during ventricular diastole Stroke volume (in cubic centi 
meters) under pulmonary arterial flow curve Flow (in 
cubic centimeters) through superior vena cava during 
each cardiac cycle at bottom of record Electrical fre 
quency response of both flowmeters reduced from 400 
to 40 cycles/sec Superior vena caval pressure curve 
damped (Brecher 1956) 

tive This decreases vena caval flow secondary 
to an induced increase in pulmonary vascular 
resistance and, in part, to the mechanical com- 
pression or “tamponade” of the heart and lungs 
caused by the expanding lungs The mechanical 
aspects of respiration, however, are apparently 
not essential to maintenance of venous return 
or cardiac output, for m the presence of apneic 
oxygenation in dogs (a condition of induced 
ventilatory arrest with the trachea connected to 
a reservoir of oxygen), life continues and the 
cardiac output may even increase 
Posture and Exercise. The venous pressure 
vanes, of course, as a result of the gravity ef- 
fect, 1 e , with the position of the vein in rela- 
tion to the right atrium, at which level, venous 
pressure is assumed to approximate zero (Fig 
3 166) If man assumes the upright position and 
is motionless and relaxed, the measured pres- 
sure in an ankle vein approximates 85 to 90 
mm Hg Similarly, the arterial blood pressure 
measured at the ankle will be increased over 
that at the heart level by an amount equal to 
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Fig 3 166 In erect position arterial and venous 
pressures are both increased by about 85 mm Hg at the 
ankle With the arm elevated over the head the arterial 
pressure at the wrist is about 40 mm Hg and the ef- 
fective venous pressure is zero down to a level just above 
the heart (From Rushmer 1970) 


the hydrostatic level Thus, the arterial and 
venous pressures at the ankle are increased by 
the same amount, and the pressure difference 
between vein and artery is the same at ankle 
and heart level This means that a favorable 
pressure gradient exists for venous flow Below 
heart level, the veins increase in fullness and 
the venous pressure gradient responsible for 
venous return from periphery to the heart is the 
measured venous pressure minus the hydro- 
static column This is a small gradient but, 
since the veins are distended, resistance is 
quite low In the upright position, veins from 
the upper part of the body empty towards the 
heart These upper veins partially collapse and 
their intravascular pressure may approximate 
zero Above heart level, the pressure gradient 


along the venous channels is the height of the 
hydrostatic column above heart level This gra- 
dient is large but since the veins are partially 
collapsed, resistance is high 
There is, however a special feature of the 
venous system which distinguishes it from the 
arterial system This is the tendency of the 
veins to collapse In the low pressure system, 
even m the recumbent position, the veins are 
not usually round but may be partially or fully, 
and intermittently collapsed For surface veins, 
collapse arises from increase m atmospheric 
pressure, in the deeper veins, it is caused by 
the surrounding tissue pressure acting on the 
venous walls This occurs during normal respi- 
ration in the neck veins, and in the inferior 
vena cava below the diaphragm where this 
process is aided by the increased intra-abdom- 
mal pressure With deep and prolonged inspira- 
tion, these veins may completely collapse Such 
a collapse tendency may be greatly augmented 
by an increased gravitational stress In the up- 
right position, the pressure in the neck veins 
falls to 0 mm Hg, and the atmospheric pres- 
sure on the outside of the neck causes these 
veins to collapse all the way up to the skull 
This causes the pressure in these veins to re- 
main at zero along their course It is this tend- 
ency for collapse that causes resistance in the 
large veins, for when distended, resistance is 
minimal However, not all veins are collapsible, 
especially the venous sinuses in the skull, verte- 
bral colunrn, bones, liver, and spleen, which are 
held open by firm -walled surrounding tissues 
For example, the veins m the skull are in a 
noncollapsible chamber, and m the standing 
position a negative venous pressure of about 10 
mm Hg exists in the sagittal sinus because of 
the hydrostatic pressure difference between the 
top and base of the skull 
In man, tilting into the feet-down position 
produces an immediate decrease of inferior 
vena caval flow which is more or less propor- 
tional to the degree of tilt The decreased ve- 
nous return under such conditions is of short 
duration because of a number of compensatory 
vasomotor mechanisms which operate very 
quickly However, even with these compensa- 
tions, the venous return is somewhat less than 
m the supine man In tilting the human subject 
mto an upright posture, the blood pressure at 
the carotid sinus decreases mildly and the heart 
becomes smaller (Fig 3 167) About 400 ml of 
blood leaves the thoracic compartment to accu- 
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Fig 3 167 Effect on various cardiovascular parame- 
ters in man of changing from supine to the upright po- 
sition 


mulate mainly m the veins of the extremities 
(determined by leg plethysmo graphs) The 
pressure m them increases and the filling pres- 
sure of the heart drops Cardiac output drops 
mildly, stroke volume decreases considerably, 
the heart rate rises There is also a decrease in 
blood flow through skin, skeletal muscle, liver, 
and kidney These changes are at least partially 
explainable on a mechanical basis, i e , tipping 
into the erect posture might be regarded as a 
functional hemorrhage into the lower portions 
of the body Since the pressure m a superficial 
arm vein maintained at he^t level rises consid- 
erably (about 10 mm Hg), peripheral venous 
constriction has taken place to shift blood cen- 
trally to make more blood available to the heart 
for maintaining cardiac output, although its 
effect IS not enough to maintain central venous 
pressure That this limitation of peripheral 
blood flow and pooling are reflex phenomena is 
shown by its absence in a sympathectomized 
extremity The fact that application of a G suit 
before or after the subject has assumed the 
upright position, either prevents these 
changes, or re-establishes the original state of 
the circulation, mitigates against the role of the 
aitenal baroreceptors and favors the stimula- 
tion of low pressure receptors While their 


precise stimulus and accurate location are not 
known, they presumably belong to the many 
receptors demonstrated anatomically m the 
thoracic vascular bed 

The circulation of animals such as the do 
mestic rabbit, eel, and snake, which have not 
acquired a compensatory mechanism, are 
placed at great disadvantage when the vertical 
position is assumed The eel and snake can be 
killed by immobilization in the vertical head-up 
position They literally bleed to death into their 
veins Thus, in the human subject if, upon as 
suming the erect posture after a protracted con- 
finement to bed, the muscles of the abdomen 
and limbs are weak and the tone of the nervous 
mechanism governing the peripheral vessels 
lowered, the hydrostatic effect is overcome with 
difficulty The blood subsides into the capa- 
cious abdominal veins and capillaries, and the 
right heart is no longer adequately supplied 
with blood The arterial pressure falls and the 
cerebral blood flow becomes inadequate The 
subject turns pale, sweats freely, and feels 
giddy or perhaps nauseated, and in a complete 
faint loses consciousness (syncope) 

In exercise, a much greater volume of blood 
enters the central veins from the arterial side 
The various mechanical assists already men- 
tioned, that increase the venous pressure gra 
dient and venous blood flow toward the heart 
and decrease the venous reservoir, now operate 
even more effectively In addition, the act of 
muscle shortening propels blood toward the 
heart 

PULMONARY CIRCULATION 

Regylation of Pulmonary Pressure 
and Flow 

Uniquely interposed between the right and 
left heart and entirely enclosed within the neg- 
ative pressure confines of the thorax, the pul- 
monary circulation exhibits certain pecularities 
uncommon to the other organ -perfused sys- 
tems For instance, 1) it is the only circuit m 
the body to receive the total cardiac output, 2) 
it operates at a perfusion pressure one-seventh 
to one-eighth that of the systemic circuit, 3) its 
mean transit time is equal to the systemic, al- 
beit across a much reduced linear distance, re- 
flecting the enormous surface area of the pul- 
monary capillary bed, 4) it is predominantly 
controlled by the beat to beat pressure differen- 
tial between the pulmonary artery (right ventri- 
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cle) and the left atrium upon which phasic, in- 
trathoracic respiratory variations are superim- 
posed, and 5) it is the only arterial circuit 
which carries desaturated hemoglobin and 
which, by virtue of the alveolar-capillar> pres- 
sure difference, the desaturated hemoglobin 
and the huge surface area participates in large 
mstantaneous gas exchanges Normal data for 
dog and man are given in Table 3 21 

GENERAL CONSIDERATIONS 

Broncluai Circulation. The blood supply to 
the bronchial connective tissue of the lung is 
part of the systemic circulation There is free 
communication between the capillaries of the 
pulmonary and bronchial systems, and these 
capillary beds may drain into either the sys- 
temic venous system through the azygos vein or 
through the pulmonary veins into the left 
atrium Thus, oxygenated pulmonary venous 
blood is diluted to a small extent (perhaps 1 to 
2%) by unoxygenated bronchial venous blood 
The intermingling of the two circulations at the 
capillary level provides a potential shunt, which 
can serve to prevent elevation of capillary hy- 
drostatic pressure should increase in either 
right or left atrial pressure occur unilaterally 
Under such circumstances, capillary blood 
can dram through the venous system with the 
lower pressure 

The bronchial vessels can also provide collat- 


eral circulation to the lungs when the pulmo- 
nary arterial supply is inadequate Thus, in 
pulmonary artery atresia the bronchial arteries 
enlarge anastomoses with pulmonary arteries 
develop and poorly oxygenated blood reaches 
alveolar capillaries from the aorta 
Pulmonary Resistance. To determine the 
mechanisms controlling pulmonary flow, it is 
necessary to know' the resistance to flow Classi- 
cally, this should be simply the ratio of the dif- 
ference of pressure across any portion of a vas- 
cular bed to the blood flow that develops, it is a 
convenient factor by which the pressure drop 
can be divided to give the flow Such resist- 
ance gives information regarding the two fac- 
tors upon which it depends, the viscosity and 
geometry of the vascular bed Since, however, 
the relation of pressure and flow is not a 
straight line and when plotted does not pass 
through the origin, the mechanisms involved 
are not determinable from a single point rela- 
tionship To make the results interpretable, a 
vascular bed must be perfused in the control 
state and in the presence of a variable at the 
same pressure while flow is measured, or at the 
same flow while pressure is measured In no 
other way can it be even roughly determined 
that a calculated change in resistance (pressure 
divided by flow) reflects vasomotor activity 
produced by the stimulus, or reflects only the 
passive change in resistance caused by altera- 


Tabie 3 21 

Representative pulmonary hemodynamic values under basal conditions 



Dog 

(10 kg , Unanesthetized) 

Man 

(75 kg , 1 85 m 

40 Years of Age) 


Mean 

Systolic/ 

diastolic 

Mean 

Systolic/ 

diastolic 

Pulmonary blood flow (liters/min ) 

15 


6 10 


Radius, pulmonary artery lumen (cm ) 

0 77 

±0 07* 

135 

±0 08* 

Average velocity of flow, pulmonary artery 

13 4 

47/0 

17 8 

85/0 

(cm /sec ) 





Pressures (mm Hg) 





Right atrium 

2 


4 


Right ventricle 


27/2 


25/4 

Pulmonary artery 

14 

27/9 

15 

25/10 

Pulmonary capillaries 

8 


10 


Left atrium 

4 


7 


Pulmonary vascular resistance (dyne sec /cm 

534 


105 


Pulmonary blood volume (ml ) 

110 


440 


Pulmonary mean transit time (sec ) 

44 


4 33 



From Milnor, 1968 

* Maximal systolic/diastolic excursion around mean radius 
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tion m left atrial pressure or in pulmonary flow 
There is also an additional difficulty in mea- 
suring changing resistance in the pulmonary 
circulation, for here the relationship between 
pressure and flow is quantitatively quite dif- 
ferent from that m the systemic circulation 
The difference is that with the same volume 
perfusing both circuits, the pressure drop from 
the pulmonary artery to the left atrium is only 
about one-fifth that from the aorta to the right 
atrium This is illustrated in Figure 3 168 
where the differential pressure between the 
pulmonary artery and the pulmonary veins 
IS only about 15 to 20 mm Hg This means 
that while the systemic resistance at the ar- 
terioles is high and these vessels have rela- 
tively thick muscle cuffs, the resistance vessels 
at the outlet of the small pulmonary artery 
branches have quite thin muscular coats with 
relatively large luminae The tone of the ter- 
minal pulmonary vessels is thereby relatively 
low so that a rise in pulmonary venous pressure 
IS readily transmitted to the arterial side, or so 
that a rise in blood volume injected into the 
arterial side will increase greatly the volume m 
the lungs As a result of the high degree of dis- 
tensibility of the pulmonary vascular bed, sec- 
ondary to the opening up of fresh capillaries or 
further opening of those being used, the blood 
contained within the lungs shows wide varia- 
tions under different conditions and on a pas- 
sive basis 

Pulmonary Artery ‘‘Wedge’ ^ Pressure. If 
a small catheter is advanced along the pulmo- 
nary arterial tree until it wedges in a small 
branch artery, blood flow behind the catheter is 
blocked, and fluid in the catheter perfuses the 






Fig 3 168 Record from the unanesthetized dog 
showing the pressure pulse contours in the pulmonary 
artery upper curve pulmonary vein lower and the 
differential pressure between the two middle curvg Pul- 
monary artery pressure 28/10 mm Hg mean pulmonary 
vein pressure 10 mm Hg differential pressure 5 to 10 
mm Hg (From Hamilton et al 1939) 


capillary bed beyond Then, the mean pressure 
in the catheter reflects that m the capillaries 
and the synonym ''pulmonary capillary pres- 
sure'' has been applied to such “wedge” pres 
sures Since the level of left atrial pressure 
influences that in the capillaries, arterial 
“wedge” pressure has been used as an indirect 
measure of the mean pressure in the left 
atrium However, large discrepancies between 
the two may prevail, so that pulmonary arterial 
“wedge” pressure may not give sufficiently ac- 
curate representation of the left atrial pressure 
for hemodynamic studies (Daly and Hebb, 
1966) 

Pressure Pulse in the Pulmonary Circuit. 
Pulmonary circuit pressures are much lower 
than those in the systemic arterial circuit In 
the unanesthetized dog the pulmonary artery 
pressure may be, for example, 40/10 mm Hg 
and the pulmonary vein pressure, 2 to 12 mm 
Hg (Fig 3 168) The pattern of the pulmonary 
arterial pressure is distinctive showing a marked 
mcisura low on the dicrotic limb In late di- 
astole, the pressure descent almost ceases 
and becomes horizontal 

Pulse contours of the peripheral and cen- 
tral portions of the pulmonary artery display 
differences somewhat like those of the systemic 
circuit The pulse wave velocity in the pulmo- 
nary artery in man, studies during thoracic 
surgical procedures, is about 2 m /sec at 
normal pulmonary arterial pressure levels In 
patients with pulmonary hypertension, pulse 
velocity IS increased to about 4 m /sec , indi- 
cating reduced distensibility of the pulmonary 
artery, since the pulse velocity is inversely re- 
lated to distensibility The contour of the pul- 
monary vein pressure curve clearly shows a, c, 
and v waves, and closely resembles pressure 
pulses taken from the left atrium In open-chest 
dogs a 4 to 5 mm Hg pressure gradient was 
found between mean pulmonary venular (small 
pulmonary venous) and mean left atrial pres 
sures 

PULMONARY BLOOD FLOW 

Phasic flow. In the pulmonary artery the 
flow of blood rises and falls more slowly than in 
the aorta (Fig 3 158A, 3.165) A small back 
flow occurs at the end of systole, as in the aorta 
(Fig 3 164) Flow remains pulsatile throughout 
arteries and capillaries (Fig 3 169), and small 
oscillations persist into the left atrium The dis- 
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Fig 3 169 Simultaneous pulmonary capillary blood 
flow curves at rest and during exercise (DuBois and 
Marshall 1957) 


tribution of flow within the lungs is affected by 
gravitational hydrostatic forces Thus, in the 
erect posture the lower lobes are perfused 
better The capillaries in the lung apices are 
about 15 cm above the heart base and are 
nearly or completely closed, those at the bases 
are distended and regional blood flow is greater 
here Thus, the normally low pulmonary artery 
pressure is barely adequate to perfuse the upper 
areas of the lungs The net effect of low capil- 
lary pressure combined with normal plasma 
oncotic pressure is to favor fluid reabsorption 
from the lung interstitial tissue Pulmonary 
edema appears first in the lower lobes, as would 
be expected because this is where hydrostatic 
pressure is highest 

Sheet-Flow Concept. It has been suggested 
(Sobin et al , 1970) on morphological grounds, 
that the alveolar microcirculation is organized 
into a vascular sheet That is, an arrangement 
m which two walls of endothelium, held apart 
by connective tissue and cellular posts, enclose 
a sheetlike space, rather than the conventional 
model of a network of cylindrical tubes The 
interalveolar capillary bed would thus be visual- 
ized as an endothelium-lined, flat vascular 
sinus, with variable reservoir capacity through 
which blood advances as a moving sheet The 
validity of this concept as a better basis for 
understanding microcirculatory flow and gas 
exchanges across the capillary alveolar barrier 
has not yet been realized 

Vascular Waterfall Concept. Some of the 
pressure -flow relationships m the pulmonary 
circulation suggest that under certam condi- 


tions arteriolar resistance alone is relevant, and 
the resistance of capillaries and veins is not In 
a waterfall, the flow is not influenced by the 
height of the fall, i e , the pressure drop, and 
\ ice versa, the pressure drop does not influence 
flow over the precipice In lung circulation per- 
fused at constant pressure, flow maximizes 
when pulmonary venous pressure is slightly 
higher than alveolar pressure Changes in ve- 
nous pressure much less than alveolar pressure 
fail to influence flow Since capillary pressure 
must exceed alveolar pressure for flow to occur 
at all through collapsible capillaries, lowering 
venous pressure must create a larger pressure 
drop between end-capillaries and pulmonary 
veins, while flow remains constant Thus a 
“waterfalF’ can exist between capillaries and 
veins (Permutt and Riley, 1963) Physiologi- 
cally, this mechanism would operate only where 
arterial pressure is greater than and venous 
pressure less than alveolar pressure (Fig 3 170) 

The influence of pulsatile arterial pressure on 
flow distribution in the lung appears to be fre- 
quency dependent (Maloney et al , 1968) 
Effective pulsatile pressure transmission to cap- 
illaries falls with increasing frequency of the 
arterial pressure pulse Thus, in the vertical 
lung, the height above the heart level at which 
blood flow will be detected deci eases with in- 
creasing pulse frequency 

In Figure 3 170, factors acting to influence 
distribution of blood flow in vertical lungs are 
diagrammed 

CRITICAL CLOSING PRESSURE IN 
PULMONARY VESSELS 

There is experimental evidence (Lopez- 
Muniz et al , 1968) that in the pulmonary cir- 
culation, critical closing pressure exceeding 
mtra-alveolar pressure can be caused m both 
alveolar and extra-alveolar vessels by low pH or 
high CO 2 levels 

EFFECTS OF RESPIRATION UPON 
PULMONARY AND SYSTEMIC BLOOD 
PRESSURES AND FLOWS 

The effects of natural respiration on the 
hemodynamics of the pulmonary circulation are 
illustrated in Figure 3 165 The pulmonary ar- 
terial pressure falls during inspiration and rises 
during expiration One should expect that, as a 
result of the increased flow of blood into the 
right ventricle during inspiration (see superior 
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Fig 3 170 The resistance of vessels in different 
parts of the lung 7 ) In this region the lung capillaries 
are collapsed if alveolar pressure exceeds arterial pres- 
sure and no flow occurs 2) In this zone arterial pressure 
exceeds alveolar pressure and alveolar pressure is 
greater than venous pressure Flow is determined by the 
aiterial - alveolar pressure difference (vascular waterfall) 
3 ) Both arterial and venous pressure exceed alveolar 
pressure and flow depends on arterial venous pressure 
difference Flow increases down this zone owing to vessel 
distension by gravity and to recruitment of vessels 4 ) In 
the deepest zone flow decreases as the base is ap- 
proached probably owing to interstitial pressure narrowing 
the dianneter of extra-alveolar pulmonary vessels (Re- 
drawn from Hughes et al 1968 ) 

caval flow) and the greater systolic discharge, 
both the pulmonary pressure and pulmonary 
flow would rise during this phase of respiration 
However, only the pulmonary flow rises Be- 
cause of the traction exerted upon the circum- 
ference of the pulmonary vessels by the sur- 
rounding lung tissue, their capacity is in- 
creased This more than compensates for the 
lack of change in the pressure gradient and for 
the greater amount of blood entering the pul- 
monary circuit during the inspiratory phase 
During expiration these effects are reversed 
The right systolic discharge is less but the ca- 
pacity of the vascular bed of the lungs is at the 
same time reduced, an upward swing in pulmo- 
nary arterial pressure occurs With maximal 
expansion of the lungs, or during a forced expi- 
ration with the glottis closed (Valsalva’s experi- 
ment), the vessels are strongly compressed by 
the surrounding lung tissue, and the pulmonary 
arterial pressure rises sharply 
The increased capacity of the pulmonary ves- 
sels during inspiration reduces, momentarily, 
the flow of blood into the left atrium, the con- 
sequent reduction in the systolic discharge of 
the left ventricle causes a fall in aortic pressure 
(Fig 3 165) After a few beats of the right ven- 


tricle, the greater capacity of the pulmonary 
vessels again becomes filled and the flow of 
blood into the left chambers of the heart in- 
creases, the aortic pressure rises The sue 
ceedmg expiration, by reducing the capacity of 
the pulmonary vessels, drives blood to the left 
side and further increases the discharge into 
the aorta, the systemic pressure, in conse 
quence, continues its rise until near the end of 
the expiratory phase If the respiratory move- 
ments and the systemic blood pressure are re 
corded simultaneously, it is found that the 
blood pressure commences to fall at the com 
mencement of inspiration and reaches its 
lowest point m the latter half of this phase, the 
blood pressure tracing then commences to rise 
and reaches its maximum toward the latter part 
of expiration In addition to these mechanical 
effects of respiration on systemic flow and pres 
sure, irradiation of impulses to the vasomotor 
center from the respiratory center during inspi 
ration can increase arterial pressure These are 
correctly called Traube-Henng waves after 
their discoverers (Schweitzer, 1945) Also, re 
flex pressoreceptor and chemoreceptor influ- 
ences accompanying fluctuations in pressure 
and blood oxygenation with the respiratory 
cycle can contribute to the net effect 

Distinguished from the respiratory waves m 
systemic arterial blood pressure are slower fluc- 
tuations called Mayer (sometimes erroneously 
referred to as Traube-Henng waves) waves, 
occurring at rates of from 1 to 3/min These 
represent oscillations m pressoreceptor and 
chemoreceptor reflex control systems, which are 
exaggerated under conditions of hypotension 
and tissue hypoxia Elevation of cerebrospinal 
fluid pressure elicits an increase in arterial 
blood pressure, the medullary ischemic re- 
sponse of Cushing (pp 3-179 and 3-211) When 
the blood pressure becomes high enough, ische- 
mia is relieved and the pressure falls again un 
til tissue hypoxia builds up once more, and the 
cycle is repeated Similar oscillations from 
cyclic carotid and aortic body chemoreceptor 
stimulation are seen especially m hypotension 
following hemorrhage The sinoaortic baro- 
receptors likewise participate in generating 
these waves, and may be the primary reflex in- 
fluence under certain circumstances 

EFFECTS OF EXERCISE ON THE 
PULMONARY CIRCULATION 

The general form of the curve relating pul- 
monary artery pressure and pulmonary blood 
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flow m man and the intact dog at rest and ex- 
ercise is shown in Figure 3 171 The cur\e indi- 
cates that pulmonary artery pressure is main- 
tained below the upper limit of normal until 
the flow exceeds at least three times the base 
level, whereupon it increases progressively 
This absence of pressure rise with increased 
flow implies an expansion of the vascular bed 
from opening of new channels, widening of 
those already perfused, or a combination of 
both Thus, the resistance decreases It is be- 
lieved (without proof) that this is on the basis 
of passive distension of the lung vasculature, 
especially since the same relation holds when 
attempts are made to denervate the lungs, 
when isolated lung lobes are perfused, or when 
variations m the quantity of blood in the lungs 
is induced by different procedures 

As pointed out earlier, to understand what is 
happening hemodynamically in the pulmonary 
circulation, it is more important here than in 
any other vascular bed to know both the pul- 
monary artery pressure and pulmonary vein (or 
left atrial pressure) This is because the pres- 
sure gradient is only a few millimeters of mer- 
cury, and a 5 mm Hg- change in the pulmonary 
venous pressure could be transmitted back as a 
5- mm Hg rise on the pulmonary artery side 
without any active change m peripheral resist- 
ance m the lung vessels So, unless it is known 
what IS happening in the pulmonary veins, one 

minHg 



Cardiac Output Lit/min /sq m bs (C I ) 

Fig 3 171 The relationship of pressure to flow in the 
systemic circulation and pulmonary circulation in normal 
and abnormal states Note the difference in response of 
the two circulations to exercise 


is at a loss to ascribe the cause of a change m 
pulmonary artery pressure 

Factors which passively affect pulmonary 
vascular pressure volume and flow include 1) 
cardiac output, 2) systemic arterial pressure, 3) 
bronchial blood flow, 4) \entilation, 5) bron- 
chomotor activity, and 6) release of hormones 
(eg, catecholamines) into the circulation Ac- 
tive pulmonary vasomotion can be demon- 
strated by causing hypoxia, which produces 
vasoconstriction, or infusing acetylcholine, 
which causes vasodilatation and alterations m 
vascular tone are increasingly bemg recognized 
as important in the pulmonary circulation 
However, pulmonary blood volume changes are 
primarily passive m response to alterations m 
vascular distending pressure Thus, pulmonary 
blood volume increases in exercise, systemic 
vasoconstriction, impaired left v entricular func- 
tion, and infusion of fluid It decreases with fall 
in systemic arterial pressure (vasodepressor 
reactions), improved left ventricular function, 
or decrease in total blood volume (hemorrhage) 

Evidence for and against Vasomotor 
Control of the Puimonary Circulation 

The pressure in the pulmonary artery may 
increase as the result of back pressure from the 
left heart, an increase m pulmonary blood flow 
and vasoconstriction m the pulmonary vascular 
bed Also, pressure changes follow alteration of 
mtrathoracic pressure 

The pulmonary vasculature could respond to 
active vasoconstriction and contribute to an 
increase of pulmonary artery pressure The 
small pulmonary vessels possess muscular coats 
and are equipped with dual nerve supply — 
sympathetic and parasympathetic, stimulation 
of the pulmonary nerves increases the pulmo- 
nary vascular resistance, stimulation of the 
baroreceptors gives mcreased pulmonary flow 
and decreased pulmonary arterial pressure, 
casts of the two sides of a lung are markedly 
different if one side is perfused with noradrena- 
line up to the time of plastic injection (the 
latter showing marked constriction m the ves- 
sels of less than 25 fx in diameter Narrowing 
and gnarlmg of the small, muscular pulmonary 
arteries can be demonstrated angiographically 
m response to hypoxia and to the intrapul- 
monary arterial injection of catecholamines and 
serotonin in the closed- chest dog There is little 
doubt that wide variations in vascular resist- 
ance can normally occur m a purely passive 
way However, active changes in sympathetic 



3-210 CIRCULAIiOM 


Section 3 


tone causing alterations m stiffness of large 
pulmonary arteries have been implicated in 
rapid circulatory adjustments (see pp 3-22 and 
3-125) 

In normal subjects, hypoxia, induced by 
breathing 12% oxygen in nitrogen, considerably 
increases pulmonary arterial pressure, mildly 
increases cardiac output, and is without effect 
on left atrial pressure or central blood volume 
This suggests that the vasoconstriction induced 
is on an active basis Although generalized, 
such vasoconstriction of the pulmonary bed 
would seem to serve no useful purpose, local 
hypoxia, however, could be helpful m regu- 
lating the distribution of blood by causing vaso- 
constriction which, m turn, diverts blood from 
the affected region to vessels m better aerated 
parts of the lung In experiments m man and 
animals in which one lung was respired with an 
hypoxic mixture, the lung probably developed 
vasoconstriction, since the arterial saturation 
returned to normal This would be the case if 
the vessels m the hypoxic lung constricted and 
forced the blood normally flowing through them 
into well-oxygenated channels Final proof, 
however, that hypoxia induces active vasocon- 
striction in man is contained m the experi- 
ments in which acetylcholine (a drug with 
strong vasodilating effects on the systemic cir- 
culation) was infused into the right atrium, but 
in such quantities that no systemic effects were 
produced In the presence of hypoxia induced 
by breathing a low oxygen mixture, infusion of 
acetylcholine decreased the elevated pulmonary 
arterial pressure but did not change the left 
atrial pressure, cardiac output, systemic blood 
pressure, or heart rate This seems to indicate 
that an active vasoconstriction caused by hy- 
poxia is relieved by the drug This view is fur- 
ther substantiated by the observation that m 
emphysematous patients who represent a 
chronic and more limited form of hypoxia with 
some degree of arterial unsaturation, acetylcho- 
line infusion lowers still further the arterial 
oxygen saturation The site and mechanism of 
action are unknown but they could be many— a 
local reflex from alveoli or pulmonary veins, 


chemoreceptor stimulation of the sinus or aortic 
body, direct local action on pulmonary bed 
and shift of systemic blood into the pulmonary 
circuit, etc Presumably, the action is not re 
lated to sympathetic nervous control since the 
vasoconstrictor effect of hypoxia can be ob 
served m man with a total sympathectomy 
Serotonin (5-hydroxytryptamine) infused into 
the intact dog produces a considerable rise in 
pulmonary arterial pressure with only a modest 
increase of cardiac output and no change m 
pulmonary venous or left atrial pressures, indi 
eating active vasoconstriction 

Summary 

In summary, the pulmonary vessels are ca 
pable of considerable passive dilatation as part 
of their function as a blood reservoir Pulmo- 
nary blood volume and vascular resistance, thus 
are adjusted so as to minimize pressure changes 
as, for example, m exercise when blood flow 
can increase several fold with little increase in 
pulmonary arterial pressure Factors which in- 
crease systemic arterial pressure often have 
little effect on pulmonary arterial pressure (e g , 
pressor reflexes and pressor drugs), and pulmo- 
nary hypertension ordinarily does not accom- 
pany essential hypertension However, there is 
evidence suggesting that sympathetic tone vari- 
ations alter vascular compliance in the lungs, 
thus affecting pulsatile flow and pressure trans- 
mission between the two ventricles In this 
sense, the pulmonary vascular bed probably 
serves as more than a passive conduit, but 
rather participates directly m maintaining 
equality of right and left ventricular output (see 
pp 3-124 and 3-21) The local vasoconstrictor 
effect of hypoxia serves to shunt blood away 
from poorly ventilated lung areas to those 
where oxygenation can take place In the ver- 
tical position, gravitational effects govern blood 
flow distribution in accordance with hydrostatic 
principles Thus, flow is minimal m the apices, 
increases at heart level and below until the 
most dependent areas are reached, where vas- 
cular resistance is elevated owing to increased 
interstitial fluid pressure (Fig 3 170) 



CIRCULATION THROUGH BRAIN. 
SKIN. AND SKELETAL MUSCLE 


Cerebral blood flow is determined by two 
opposing sets of forces the effective perfusion 
pressure and cerebral vascular resistance (see 
Fig 3 172) Effective perfusion pressure is the 
gradient between arterial blood pressure and 
internal jugular venous pressure, cerebral vas- 
cular resistance is defined here as the sum of 
all factors opposing the flow of blood through 
the brain, such as intracranial pressure, blood 
viscosity and vascular diameter 

Internal jugular venous pressure for all prac- 
tical purposes is negligible as compared to ar- 
terial pressure Even the obstruction of the 
vein by means of a tourniquet placed on the 
neck, producing pressures up to 300 mm of 
water, has no effect on cerebral blood flow 
(Moyer et al , 1954) Thus, arterial blood pres- 
sure IS the sole important determinant of the 
driving force of blood flow across the brain 

In man the cerebral blood flow may be de- 
termined by the nitrous oxide method (Kety 
and Schmidt, 1948) which is based on the Pick 
principle (see sect 3, chap 7) The subject 
breathes a gas mixture containing 15% N 2 O, 
while blood samples are obtained from a pe- 
ripheral artery and from the internal jugular 
vein (representing mixed cerebral venous 
blood) Cerebral blood flow per unit weight of 
brain may be calculated from the arterial and 
venous gas concentrations and the partition 
coefficient for nitrous oxide between brain and 
blood Results are usually expressed as milli- 
liters of blood per 100 g of brain per minute, in 
resting, normal young men the mean value is 
54 ml Assuming a weight of 1400 g for the 
brain, total cerebral blood flow is about 750 ml./ 
mm 

The relation of arterial blood pressure to 
cerebral blood flow is determined by the level 
of the blood pressure itself A lowering of the 
mean arterial pressure to a level of about 60 to 
70 mm Hg by means of high spinal anesthesia, 
paralyzing most of the sympathetic vasocon- 


strictor nerves has no effect on cerebral blood 
flow which remains constant (Kleinerman et 
al , 1958) This indicates a compensatory low^- 
ering of vascular resistance in the brain (see 
below) Similarly, an elevation of blood pres- 
sure IS without effect on blood flow^ due to a 
secondary increase m resistance (Moyer et al , 
1954) This autoregulation of the cerebral cir- 
culation becomes ineffective, however, when 
mean blood pressure falls below 60 mm Hg In 
this hypotensive range, a lowering of blood 
pressure results in a reduction of blood flow 
Initially, this is compensated for by increased 
oxygen extraction by the tissues, but at mean 
pressure levels of about 30 mm Hg when cer- 
ebral blood flow is reduced to about 30 ml / 
100 g of tissue/mm , signs of cerebral ischemia 
appear (Fmnerty et al , 1954) Conversely, 
raising the blood pressure under these condi- 
tions increases blood flow, unlike m the nor- 
motensive range 

As seen m Figure 3 172, several extra vas- 
cular factors contribute to ‘‘cerebral vascular 
resistance” Intracranial pressure, exerted 
upon the freely collapsible capillaries of the 
brain is a force opposing the flow of blood Any 
increase in this pressure, resulting from an 
expansion of the contents of the rigid cranial 
box (such as a brain tumor) elevates cerebral 
vascular resistance in a direct, linear manner 
(Kety et al , 1948) In spite of this, cerebral 
blood flow does not dimmish until intracranial 
pressure reaches very high levels (about 450 
mm of water) The maintenance of normal 
flow IS due to an increase of systemic blood 
pressure brought about by peripheral vasocon- 
striction (see pp 3-208 and 3-179) It has been 
suggested that the stimulus for the latter is 
ischemia of the medullary vasomotor center 

Viscosity of the blood increases resistance to 
flow in polycythemia cerebral blood flow is 
considerably reduced, it is restored to normal 
levels after correcting the increased viscosity 
by phlebotomies (Nelson and Fazekas, 1956), 
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Fjg 3 172 Factors determining the cerebral blood 
flow CBF cerebral blood flow MABP mean arterial 
blood pressure UP internal jugular venous pressure 
CVR cerebral vascular resistance (From Kety 1958) 


In anemia, on the other hand, cerebral blood 
flow IS increased m proportion to the de- 
creased red cell mass, transfusion produces a 
return to normal flow (Robin and Gardner, 
1953) 

The most important component of cerebral 
vascular resistance is the diameter of the cere- 
bral blood vessels Their adjustment is respon- 
sible for the remarkable constancy of blood 
flow over a wide range of perfusion pressures, 
discussed above The exact mechanism of vas- 
omotor regulation in the brain is not known 
Although the cerebral vessels are supplied by 
sympathetic fibers and norepinephrine is a 
powerful cerebral vasoconstrictor (King et al , 
1952), there is no evidence to show that they 
are physiologically active m man Bilatenal 
blocking of the stellate ganglia fails to produce 
any change m cerebral vascular resistance or 
blood flow, contrary to what might be ex- 
pected if these nerves were normally contrib- 
uting to the maintenance of cerebral vascular 
tone 


RESPONSE TO HIGH CO2 

In contrast to this is the marked sensitivity 
exhibited by the cerebral vasculature to 
changes m arterial concentration of carbon 
dioxide and oxygen Carbon dioxide is the 
most powerful cerebral vasodilator known 
Inhalation of a gas mixture containing 5 or 7% 
CO 2 , which raises arterial PcOz by 9 mm Hg, 
causes a 75% increase in cerebral blood flow 
Systemic blood pressure rises without any 
change in cardiac output, indicating a periph- 
eral vasoconstrictor effect, but cerebral vas- 
cular resistance falls, showing the specific vas- 


odilator action of carbon dioxide on the cere 
bral vessels (Kety and Schmidt, 1948) Hyper 
ventilation, which lowers arterial PcOg, reduces 
cerebral blood flow 

These effects of carbon dioxide are not re- 
lated to associated changes m hydrogen ion 
concentration Intravenous infusion of sodium 
bicarbonate, which produces an increase of the 
total carbon dioxide content of the blood and a 
systemic alkalosis, has the same qualitative 
effect on cerebral vascular resistance as inhala- 
tion of 5% CO 2 , which also raises total blood 
carbon dioxide but results m acidosis Con- 
versely, an infusion of NH4CI duplicates the 
cerebral effects of hyperventilation both pro- 
cedures reduce the total carbon dioxide con- 
tent of the blood, but the accompanying pH 
changes are in the opposite directions (Schieve 
and Wilson, 1953) 

The vasodilator effect of carbon dioxide is a 
threshold phenomenon No change in cerebral 
vascular resistance is detectable for arterial 
PCO 2 increases of up to 4 5 mm Hg, beyond 
this point there is progressive vasodilation 
with further arterial PCO 2 increments (Pat- 
terson et al , 1955) Decreasing the arterial 
CO 2 tension below normal produces cerebral 
vasconstriction, but the reduction in cerebral 
blood flow is proportionately less than the in- 
crease resulting from hypercapnia (Wasserman 
and Patterson, 1961) 

In view of the pronounced cerebral vaso- 
motor activity of carbon dioxide on the one 
hand, and the absence of any demonstrable 
neurogenic control on the other, it is logical to 
postulate that cerebral blood flow is regulated, 
at least m part, by local carbon dioxide con- 
centrations It was calculated that a reduction 
m blood flow of about 30% would be required 
for capillary carbon dioxide tension to reach 
the average vasodilator threshold level of 4 5 
In all likelihood, however, a reduction of this 
magnitude is not necessary, since under physi- 
ological conditions any increase m carbon di- 
oxide concentration would be accompanied by 
hypoxia (see below) 

RESPONSE TO LOW O2 

The cerebral vasomotor action of oxygen is 
qualitatively the direct opposite of that pro- 
duced by carbon dioxide Inhalation of a gas 
mixture containing 10% oxygen, which reduces 
arterial oxygen content by about one-third, 
causes a 35% increase m cerebral blood flow, 
despite a fall in systemic blood pressure and a 
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decreased arterial PcOj and pH (due to in- 
creased pulmonary ventilation) (Ket> and 
Schmidt, 1948) The net effect of this degree of 
hypoxia on cerebral vascular resistance equals 
that produced by the inhalation of 5 to 7Tc 
CO 2 Inhalation of high concentrations of ox- 
ygen which increase arterial P 02 , causes a re 
duction of cerebral blood flow, but this does 
not occur if care is taken to prevent concomi- 
tant hypocapnia (Turner et al , 1957} 

If, as it may seem plausible, hypercapnia 
and hypoxia act synergisticaily on cerebral 
vascular resistance, possibly in combination 
with other metabolic products resulting from a 
diminished blood supply, this could well ex- 
plain the mechanism of autoreguiation exhib- 
ited by the cerebral circulation Any impair- 
ment of blood supply resulting from a drop in 
perfusion pressure would automatically lead to 
an accumulation of metabolic products which, 
when present m sufficient concentrations, 
would act to restore blood flow by producing 
vasodilation At the present time, however, 
this IS still an unproved hypothesis 

REGULATION OF CEREBRAL BLOOD FLOW 

Whatever is the exact mechanism of cerebral 
vasomotor regulation, cerebral blood flow 
shows a remarkable constancy under a variety 
of physiological conditions studied so far In 
spite of the increased cardiac output and ar- 
terial blood pressure associated with physical 
exercise, cerebral blood flow remains un- 
changed (Hedlund et al , 1962) , there may be a 
slight increase in cerebral vascular resistance, 
probably due to the concomitant drop in ar- 
terial PCO 2 secondary to hyperventilation 
(Kleinerman and Sancetta, 1955) Intellectual 
efforts, such as mental arithmetics, have no 
effect on cerebral blood flow (Sokoloff et al, 
1955) Anxiety also seems to be devoid of influ- 
ences on cerebral hemodynamics (Scheinberg 
and Stead, 1949) Natural sleep induces cere- 
bral vasodilation and a small increase m blood 
flow without changes in arterial oxygen or 
carbon dioxide tensions (Mangold et al , 1955). 
Eating does not affect cerebral blood flow 
(Rowe et al , 1959) The effects of tiltmg from 
the supine to the upright position depend on 
the degree of tilting Moderate elevations (20° 
from horizontal) have no effect on cerebral 
blood flow (Shenkin et al , 1948), but more 
near -vertical positions which lower the mean 
arterial pressure at head level below 60 mm 


Hg cause, as it might be expected, a reduction 
m blood flow despite a decrease in cerebral 
vascular resistance (Scheinberg and Stead, 
1949) 


ANATOMY 

In the skin the arterioles, upon approaching 
the bases of the papillae (the layer of the 
corium immediately underlying the epidermis), 
turn horizontally, and give rise to metaten- 
oles from which originate, m turn, hairpm- 
shaped endothelial tubes — the capillary loops 
The proximal or arterial limb of the capillary 
loop ascends m the papilla and then turns 
upon itself to form the venous limb The latter 
on reaching the base of the papilla joins with 
the venous limbs of neighboring loops to form 
a collecting venule The collecting venules 
anastomose with one another to form a rich 
plexus — the subpapillary venous plexus — 
which runs horizontally beneath the bases of 
the papillae and drams into deeper veins The 
capillary loops can be seen readily m the living 
skin under the low power of the microscope 
The vessels at the base of the human fingernail 
are shown diagramatically in Fig 3 173 

The color of the skin is dependent upon the 
capillary loops and the subpapillary venous 
plexus The vessels of the plexus, though more 
deeply placed, present a greater area parallel 
to the skin, whereas the capillary loops are 
disposed chiefly at right angles to the skin sur- 
face When little blood is contained in the 



Fig 3 173 The bed of the finger nail in a healthy 
subject showing the capillary loops and the summits of 
the skin papillae {After Lewis T 1 927 ) 
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superficial vessels, the skin is unusually pale 
and more transparent, and the deeper venous 
plexuses then contribute largely to the color of 
the skin, often adding a leaden tint to the 
pallor When the overlying vessels are open 
and the skin is well supplied with blood, these 
deeper vessels are hidden from view 

The hue of the skin, i e , the dominance of 
the reddish or of the bluish hue, depends upon 
the extent to which the oxyhemoglobin be- 
comes reduced during the passage of the blood 
through the cutaneous vessels The degree of 
reduction will depend, as a rule, upon the rate 
of blood flow With rapid flow, the blood is 
more arterial in character, with slow flow, 
more venous, and the color of the skin vanes 
accordingly 

CUTANEOUS BLOOD FLOW IN THE HAND 
AND FOOT 

Only a vasoconstrictor nerve supply with 
adrenergic sympathetic fibers has been identi- 
fied in the hand or foot, its contribution to the 
regulation of body temperature has been 
shown to be of importance The demonstration 
of specific cholinesterases by histochemical 
methods in the digital arteriovenous anasto- 
moses suggests they may be cholmergically 
controlled It has also been postulated that the 
sympathetic nerve supply to human fingers 
exerts a tonic dilator influence on vessels 
through the release of acetylcholine The indi- 
rect evidence for this theory includes the dila- 
tion of vessels by extracts of human digital 
arteries, prevention of digital vessel dilation by 
atropine, and the presence in digital vessels of 
pseudocholinesterase activity 

The vasodilator nonapeptide, bradykimn, 
was suggested as a mediator of cutaneous vaso- 
dilator effects associated with sweat gland ac- 
tivity, but the importance of this mechanism 
IS now considered doubtful (Kellermeyer and 
Graham, 1968) 

Body warming elicits a reflex vasodilation m 
the hand or foot which has been shown to cor- 
relate with a release of vasoconstrictor tone (a 
decreased number of impulses traveling over 
the sympathetic nerve fibers) The reflex may 
originate either m cutaneous receptors or by 
central nervous system stimulation The ves- 
sels thetnselves are also sensitive to warm 
temperature for the dilation following vaso- 
motor nervous inhibition (by blocking agents) 


can be augmented by local heating of the 
hand 

Arteriovenous (AV) anastomoses are commu 
nications between smaller arteries and arten 
oles and the corresponding venous channels 
through which the blood may be shunted and 
capillary areas short circuited (Fig 3 174 ) 
These AV anastomoses do not appear to be 
under metabolic control but, rather, governed 
chiefly by reflex influences from temperature 
receptors and from central nervous system 
centers 

CUTANEOUS VEINS 

In dogs and cats, it has been shown that the 
superficial large and small veins of the skin 
have a nerve supply, undergo rhythmic 
changes in diameter, and respond to pharma- 
cological agents The small veins may contract 
separately and independently from the large 
veins or arterial vessels during sympathetic 
nerve stimulation When the veins constrict, 
an increase in pressure results Thus, a re- 
duced blood flow may occur through the vas- 
cular bed without an obstruction or constric- 
tion of the arterial tree being present In hu- 
mans, forearm cutaneous vein segments, which 
were isolated in situ by pressure, have been 
demonstrated to constrict following a variety 
of normal and noxious stimuli The venocon- 
stnction was blocked by chemical or surgical 
sympathectomy or infiltration of an anesthetic 
solution around the vein Venous tone was de- 
creased during vasovagal syncope and by 
stroking the skin over the vein The fact that 
cutaneous veins constrict by cooling and are 
not affected by warming is evidence for the 
existence of only a vasoconstrictor nervous 
supply 




Fig 3 174 Reaction of anastomosis and associated 
vessels to lowering of body temperature artery, 
arteriole AV, arteriovenous anastomosis C vein Left 
figure (a) anastomosis open right figure ib) anasto- 
mosis closed (After Grant 1 930 ) 
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Although active capillary constriction and 
dilatation has been denied, some obscure 
change in endothelial cells resulting in capil- 
lary dilatation has not been entirely ruled out 
Because skin color is thought to be governed 
largely by the amount of blood m venules, skin 
color responses are probably attributable 
chiefly to venular responses, but capillary dila- 
tation is also described Therefore, in the fol- 
lowing descriptions the term venular dilatation 
will be employed for changes not known to be 
passive effects of arteriolar or precapillary 
sphincter relaxation, but which ma> be accom- 
panied by capillary dilatation 

VASCULAR RESPONSES OF SKIN TO 
STIMULATION BY MECHANICAL AND 
OTHER AGENCIES 

The White Reaction If the surface of the 
skin is stroked lightly with a blunt “pointed” 
instrument, a line of pallor appears in 15 to 20 
sec which traces the path taken by the instru- 
ment The line attains its maximal intensity m 
to 1 mm , and then gradually fades to disap- 
pear in 3 to 5 mm The white reaction proper 
is due to direct stimulation of vessel walls and 
has no nervous basis It has been shown to be 
due to the tension exerted upon the walls of 
the minute vessels — collecting venules and 
especially of the subpapillary venous plexus — 
which respond to the stimulus by contraction 
The sharply delineated character of the white 
line, and the fact that it can be obtained after 
the circulation through the region has been 
occluded by compression of the larger vessels, 
show that it is an active venular response, and 
not the result of arteriolar constriction 
The Triple Response. This comprises a) 
the red reaction, b) the flare, and c) the wheal 
The Red Reaction If the pointed instrument 
is drawn more firmly across the skin, espe- 
cially of the forearm or back, a red instead of a 
white band appears after a somewhat shorter 
latent period (3 to 15 sec.), reaches its max- 
imum m V 2 to 1 mm , and then gradually fades 
Like the white reaction it is strictly localized 
to the line of stroke, it is due to dilation of the 
venular vessels The red reaction can be m- 
duced in its full intensity in the skin from 
which the circulation has been occluded, so it 
IS due to active dilation of the venular vessels 
and not merely a passive result of arteriolar 
dilation The red reaction is not dependent 


upon nervous mechanisms since it occurs after 
section and degeneration of the cutaneous 

nerv es 

The Spreading Flush or Flare If the stim- 
ulus is unusually strong, or is repeated often 
enough, the reddening of the skin is not con- 
fined to the ime of stroke but surrounds it for 
a variable distance (1 to 10 cm ) according to 
the intensity of the mjur> inflicted The tem- 
perature m the suffused area is definitely 
raised This flare reaction appears a few sec- 
onds (15 to 30) after the local red line, and 
fades sooner It is due to dilation of the arteri- 
oles and venules since it does not appear after 
the circulation of the part has been occluded 
by means of a tourniquet, also, unlike the red 
reaction, the flare is dependent upon local 
nervous mechanisms (axon reflex) It occurs 
after the nerves are divided but not after they 
have degenerated 

Local Edema or Wheal When the stimulus 
is still more intense, the skm along the line of 
the injury becomes blanched and raised above 
the surrounding area to a height of 1 or 2 mm 
or even more Such a wheal or welt can be 
produced m a normal person by the lash of a 
whip and other types of strong localized stimu- 
lation In susceptible individuals, even light 
stimulation, such as drawmg a pencil with 
moderate pressure over the skm of the back, 
will produce linear wheals surrounded by a dif- 
fuse red halo along the pencil’s track In this 
way letters or other designs may be embossed 
upon the skm (Fig 3 175) This phenomenon is 
spoken of as dermographism or factitious urti- 
caria The wheal is preceded by, but then 
completely replaces, the usual red reaction It 
makes its appearance m 1 to 3 mm from the 
time of injury and is at its maximum height m 



Fig 3 175 Dermographism (Ormsby and Mont- 
gomery 1954) 
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3 to 5 mm It is surrounded by the flare de- 
scribed above The raised patch at first is 
clearly demarcated, but as time passes it in- 
creases in width and decreases in height, loses 
its sharpness and finally, although perhaps not 
for some hours, disappears The wheal is due 
to the transudation of fluid from the minute 
vessels involved previously in the red reaction, 
it IS, therefore, a localized edema Increased 
permeability of the capillary wall is judged to 
be the immediate cause Wheal production 
does not depend upon a nervous mechanism 

The triple response has been attributed to 
the release of some diffusible substance by the 
injured cells Injection of histamine produces a 
similar reaction, but whether histamine or 
some other vasoactive substance (e g , ATP, 
bradykinm, etc ) is involved is not known 

DORSAL ROOT VASODILATOR FIBERS 

The dorsal root of the spinal cord contains 
vasodilatory fibers supplying mostly the cuta- 
neous vessels They do not convey impulses to 
or from the higher central nervous system cen- 
ters for control of the cutaneous circulation 
No true cutaneous vasomotor reflexes are seen 
after sympathectomy Experiments have 
shown that the dorsal root vasodilator fibers do 
not engage m the baro- or chemoreceptor con- 
trol of vascular tone, nor in the regulation of 
heat loss from the skin The transmitter sub- 
stance of these fibers is unknown but they 
probably act in an axon reflex arrangement to 
affect regional blood vessels These are prob- 
ably the fibers that, upon damage to the super- 
ficial tissues, are involved in the vasodilator 
(flare) reaction of the triple response Any 
stimulus causing damage to the skin, such as 
severe cooling and heating, activates these fi- 
bers 

CENTRAL NEURAL CONTROL OF 
CUTANEOUS AND MUSCLE BLOOD FLOW 

The central neural control of blood flow is 
through the sympathetic fibers 

A variety of stimuli affecting peripheral re- 
ceptors elicit spinal vasomotor reflexes, the 
efferent limbs are the cutaneous sympathetic 
vasoconstrictor fibers These reflexes are 
usually segmentally or regionally arranged 
Also, m certain animal preparations, the pre- 
ganglionic sympathetic neurons in the lateral 
horns of the spinal medulla may exhibit spon- 


taneous activity independent of afferent 
stimuli 

The vasomotor center located m the oblong 
ate medulla is believed to be the primary 
controlling factor of cutaneous and muscle 
vessel vasoconstrictor tone Experiments on 
dogs and cats have shown that stimulation of 
the midline of the oblongate medulla leads to 
vasodilation m both skin and muscle This 
vasodilatory response is not blocked by atro 
pine and, therefore, is secondary to a release of 
vasoconstrictor tone Stimulation lateral to 
this vasodilator area elicits vasoconstriction in 
the same regions Both these responses are 
absent in sympathectomized animals The 
vasodilator and vasoconstrictor areas may act 
as an integrated unit and, evidently, are pri 
manly involved m vascular reflexes arising 
from the baroreceptors in the carotid sinus and 
aorta A decrease in blood pressure causes re 
flex vasoconstriction in the dog hmdlimh via 
the carotid sinus baroreceptors while stimula 
tion of the carotid sinus nerve induces vasodi 
lation in skin and muscle 

The vasomotor center possesses automa 
ticity for it continues discharging impulses 
without apparent afferent stimuli from the 
periphery or higher autonomic centers The 
marked fluctuations from moment to moment 
that occur m the digital and forearm arteries 
and veins, and that disappear following sym 
pathectomy, are thought to be secondary to 
the activity of the vasomotor center The pat 



Fig 3 176 Schematic drawing of the oblongate 
medulla showing the situation of points yielding skeletal 
muscle vasodilation secondary to inhibition of vasocon 
stricter tone {open circles) and points yielding sympa 
thetic vasodilator discharges {black dots) (From Lmdgren 
and Uvnas 1955) 
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terns ot these contmufius \ariations m pulse 
\olunie of the finders, toes and ears, appear to 
correlate with the personalit\ t\pes (emotional 
stabilit\ or labJiU) of the humans studied 

Stimulation of a more lateral aiea to the 
\asomotor center in\okes a \asodilation in 
skeletal muscle through the actic it\ ot the cho- 
linergic (blocked b\ atropine) sympathetic fi- 
bers (Fig 3 176) The \asodilator\ area ot the 
\asomotor center has no anatomical or ap- 
parent functional connection with these cho- 
linergic fibers which pass through, but do not 
synapse m, the oblongate medulla 

The anterior h\pothalamus is often referred 
to as the “heat loss center for it controls the 
\asoconstnctor fibers in association with the 
vasomotor center Local heat applied to this 
area inhibits vasoconstrictor fiber discharge 
(vasodilation) while electrical stimulation ex- 
cites the fibers (vasoconstriction) This center 
is thought to predommanth regulate the cuta- 
neous vessels and, perhaps, the arteriovenous 
anastomoses Sympathectomy also abolishes 
these effects of the hypothalamus Stimulation 
of certain areas in the h\ pothalamus may elicit 
a vasodilation in muscle via the cholinergic 
fibers which synapse in this area This muscle 
vasodilation is often associated with a vasocon- 
striction of the skin 

Many areas of the cerebral cortex have been 
found that influence, by excitation or inhibi- 
tion, vasoconstrictor fiber discharge For exam- 
ple, stimulation of the motor or premotor cor- 
tical areas results m cutaneous vasocon- 
striction A muscle vasodilation also occurs but 
is evidently secondary to a baroreceptor reflex 
from a rise in blood pressure The cholinergic 
vasodilator fibers to skeletal muscle are also 
represented near the motor cortex These fi- 
bers, which probably are distributed only to 
muscle, synapse in the hypothalamus and 
mesencephalon and pass through the oblongate 
medulla as described above Their function in 
man is not completely understood, but they 
appear to be involved in the control of the 
blood flow needs of muscle and not in the reg- 
ulation of blood pressure It is probable that 
the sympathetic vasodilator innervation of 
muscle IS activated by emotional reactions and 
prepares for vigorous muscular effort 

Skeletal Myscle Circulation 

Resting forearm skeletal muscle blood flow 
has been estimated to range normally from 1 8 


to 9 6 ml per 100 ml of muscle per mm The 
blood flow m skeletal muscle is affected and 
controlled bv a multitude of factors Man\ of 
these factors are poorh understood and their 
relative importance in the normal functioning 
of skeletal muscle is not known In\ estigation 
of skeletal muscle blood flow is performed m 
man by techniques similar to those outlined 
under skin blood flow The piethvsmograph 
measures both the skm and muscle blood flow , 
the forearm is considered representative of 
muscle and the hand or foot, of skm because of 
the relative amounts of each tissue m these 
regions However, it has been shown that 60T 
of the total forearm flow mav be m the skm 
under certain conditions The skm mav be lon- 
tophoresed with epinephrine to limit or abolish 
its blood flow m order to obtain forearm 
muscle flow determinations However the 
depth ot penetration of the epinephrine is a 
problem and mav alter the muscle blood flow 
In animals blood flow may be measured by 
more direct methods and the results of central 
nervous system manipulations may be studied 

NEURAL CONTROL OF SKELETAL MUSCLE 
BLOOD FLOW 

Vasoconstrictor fibers have been shown to 
supply skeletal muscle by the demonstration 
of an increased blood flow in human forearms 
followung nerve blocks, and by other indirect 
procedures The transmitter substance for 
these constrictor fibers is presumably norepi- 
nephrine Intra-arterial epinephrine has both a 
vasodilator and vasoconstrictor eflect (see a, 
ft and 7 receptors, p 3-171) on human skeletal 
muscle vessels, while norepinephrine has only 
a vasoconstrictor action Vasodilator choliner- 
gic sympathetic fibers also supply skeletal 
muscle as demonstrated by a responsiveness 
of the bed to acetylcholine, blocking of the 
vasodilator response with atropine, and the 
results of studies performed during vasovagal 
syncope Despite a fall m blood pressure in 
vasovagal syncope, the forearm blood flow 
increases (and hand flow decreases) If the pa- 
tient has had a sympathectomy, the forearm 
blood flow does not increase demonstrating 
that an active vasodilation via svmpathetic 
nerve fibers had presumably occurred in the 
intact extremity These vasodilator fibers ap- 
pear to be activated by higher brain centers as 
described previously and do not participate m 
reflex blood pressure adjustments 
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At present, the vasoconstrictor fibers are be- 
lieved to be primarily concerned in postural 
and other homeostatic blood pressure adjust- 
ments When the legs of a subject are raised, 
an increased blood flow occurs in the forearm 
but not the hand This reflex has been shown 
to be secondary to an increased volume of 
blood in the thorax and an elevated central 
venous pressure which probably stimulates 
receptors in the low pressure vascular bed of 
the thorax Since atropine does not abolish the 
forearm vasodilation, it is considered to be a 
result of a release of vasoconstrictor tone 

BLOOD GASES, pH AND IONS IN 
SKELETAL MUSCLE BLOOD FLOW 

The effect of blood gases and pH on skeletal 
muscle blood flow has been referred to in 
Chapter 8 Studies in the dog forelimb show 
that many factors affect the vascular bed Ar- 
teriolar dilation IS elicited by increased blood 
levels of potassium, magnesium, acetate, cit- 
rate, pyruvate, AMP, ADP, ATP, hydrogen 
ions, increased plasma tonicity and decreased 
calcium blood levels A decrease in hydrogen 
ions causes arteriolar constriction, elevated 
calcium concentrations or decreased plasma 
tonicity act similarly Combinations of low 
potassium, increased calcium, low magnesium, 
and alkalosis produce more vasoconstriction 
than the ions alone Changes in blood oxygen 
content induce only small changes in forelimb 
resistance Studies on isolated vessels and in 
denervated, adrenergically blocked limbs dem- 
onstrate that the ions act directly on vascular 
smooth muscle The importance of these 
studies IS apparent when the many disease 
states with electrolyte abnormalities are con- 
sidered 

Studies in man have shown that the increase 
in forearm blood flow during hyperventilation 
(increased pH, decreased arterial PCO 2 ) is 1) 
prevented by breathing air mixtures con- 
taining 5% CO 2 , 2) occurs only in muscle and 
not m skin, and 3) is not abolished by blocking 
the nerve supply to the limb This evidence 
points to a humoral mechanism which causes 
the increased forearm blood flow by a direct 
action on peripheral vessels It is interesting 
that a similar increase in forearm blood flow is 
found when 5 to 10% oxygen is breathed If 
CO 2 IS added to the latter mixture, the blood 
flow response is greatly attenuated Therefore 


the decreased peripheral resistance present m 
hypoxia may be secondary to hypocapnia 

Inhalation of 5 to 10% CO 2 (or intravenous 
sodium bicarbonate) does not increase skeletal 
muscle blood flow unless sympathetic blockade 
is present Thirty percent CO 2 inhalation de 
creases forearm blood flow, nerve block or gen 
eral anesthesia abolishes or even reverses the 
vasoconstriction Intra-arterial sodium bicar 
bonate also increases forearm blood flow Thus 
hypercapnia produces an indirect muscle vaso 
constriction and a direct vasodilation The 
vasoconstriction is believed to be elicited by 
the effect of increased CO 2 (or decreased pH) 
on the carotid or aortic body chemoreceptors 

A decreased pH of the blood by 0 08 units 
(intravenous lactic acid or ammonium chlo- 
ride) or an increased pH (intravenous sodium 
bicarbonate) induces no change in forearm 
blood flow If the sympathetic nerves are 
blocked, an increased or decreased pH leads to 
an increase m blood flow, therefore a sympa- 
thetic vasoconstriction was concealing a direct 
vasodilation due to the local pH (or CO 2 ) ef- 
fect 

In the above studies, the separation of the 
effects of arterial PCO 2 and pH on the periph- 
eral blood vessels is difficult In humans, local 
increase in PCO 2 or pH changes in either direc- 
tion from normal produce vasodilation Sys- 
temic increases in PcOa or changes in pH in 
either direction induce sympathetic vasocon- 
striction, systemic hypocapnia causes vasodila- 
tion Data obtained in the dog hind limb does 
not entirely agree with these findings, the local 
effect of an increased hydrogen ion concentra- 
tion is arteriolar dilation but a lowered pH 
caused by an increased PCO 2 has little effect 
Before it can be decided whether pH or PCO 2 is 
the important variable, further study is neces- 
sary It must be remembered that changing the 
pH of blood also affects PCO 2 

MECHANICAL EFFECTS ON SKELETAL 
MUSCLE BLOOD FLOW 

When perfusion pressure is plotted against 
skeletal muscle blood flow (as determined in 
isolated muscle beds of the hindlimb of a dog), 
a parabolic-shaped curve is found in the upper 
and lower ranges (Fig 3 177), as in the skin 
vascular bed These two normal relationships 
of pressure to flow are joined in the interme- 
diate range by a sigmoid curve (a large drop m 
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Fig 3 177 Plots of relationship between perfusion 
pressure and blood flow m the portion of the canine 
quadriceps muscle supplied by the branches of the femoral 
artery between the inferior epigastric and saphenous 
branches Plots A and B were obtained 6 hr apart in the 
same animal and {dashed lines) flow during first 2 
sec of perfusion at each pressure A and B {solid lines) 
stabilized flows after maintenance of perfusion pressure 
for 10 to 20 sec Arrows indicate change of flow with 
time at each perfusion pressure MP represents the level 
of mean arterial pressure Ordinate scale represents the 
perfusion pressure in mm Hg expressed as the difference 
between arterial and venous pressures abscissa! scale 
blood flow in milliliters per minute (from Green et al 
1944) 

perfusion pressure changes blood flow little) It 
IS postulated that the reason for the sigmoid 
curve IS a reactive dilation at perfusion pres- 
sures below mean normal aortic pressure to 
maintain blood flow to the muscular bed The 
two parabolic areas on the curve would repre- 
sent perfusion pressures during two states of 
vasomotor activity of the vessels Because of 
the shape of the curve, changes in vasomotor 
activity, secondary to a variable being tested, 
cannot always be predicted from the perfusion 
pressure and blood flow 

METABOLITES AND SKELETAL MUSCLE 
BLOOD FLOW 

The skeletal muscle vascular bed is sub- 
jected to very active and widely rangmg fluc- 
tuations in blood flow The idea has often been 
expressed that the formation of metabolites by 
the muscle cells is the main factor in control- 
ling the bed Since direct stimulation of an 
animaFs curarized muscle still elicits an in- 
creased blood flow, while motor nerve excita- 
tion does not, it is felt that the hyperemia of 
contracting muscle is secondary to a local 
physicochemical change. Also, humans with 


sympathectomized extremities can perform as 
well as those with an intact innervation Local 
or reflex warming or cooling has little effect on 
this intrinsic vasomotor tone of muscles It has 
been suggested that the metabolites, accumu- 
lated from the muscle cell metabolism, may 
act directly on the smooth muscle cells of ves- 
sels or mdirectl> \ia a local nervous mecha- 
nism, such as peripheral ganglion cells or an 
axon reflex The existence of ganglion cells 
among the muscle fibers has not been pro\ en 
In the dog muscular activity induces a dila- 
tion of the femoral artery which is mediated by 
an axon reflex (elicitable by acetvlcholme) 
This mechanism, if it was showm to be present 
m the smaller arterial branches, could account 
for the vasodilation of exercise In the cat 
limb, post exercise muscle hyperemia is 
blocked by substances (cocaine, botuhnum 
toxin) which are likely to abolish such axon 
reflexes The vascular reactivity is not para- 
lyzed by these agents for the vessels continue 
to respond to epinephrine and acetylcholine 
Since botuhnum toxin specifically paralyzes 
cholinergic nerve endings, the fibers in the 
axon reflex may be cholinergic However, a 
strong argument against this theory is that the 
vasodilation of exercise hyperemia is not 
blocked by atropine (although atropme does 
not block cholinergic fibers m all areas) 

The role that local metabolites play in stim- 
ulating such axon reflexes is not knovm An- 
oxia, increased CO 2 tension, lactic acid, hy- 
drogen 10ns, bradykmm, histamme, acetylcho- 
line, adenosine triphosphate, adenylic acid, 
and potassium 10ns have been suggested as the 
local determinant eliciting exercise vasodila- 
tion Most of the metabolites have been 
studied by infusion into the musuclar vascular 
bed or by examination of venous blood leaving 
the muscle following exercise hyperemia Each 
one has received little support as the dilator 
agent, but a combination of two or more of 
these factors may provide the answer 

Bradykmm has been shown to be a very po- 
tent vasodilator in skeletal muscle by plethys- 
mography and radioisotope disappearance 
rates No change in oxygen consumption oc- 
curs despite the large increase in human calf 
blood flow However there is no evidence for 
the presence of bradykmm activity m skeletal 
muscle, the venous blood draining exercismg 
muscle does not contain increased bradykmm 
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activity These results do not rule out brady- 
kinm as an agent affecting skeletal muscle 
blood flow, since the half-life of bradykinin in 
the blood is extremely short and only biolog- 
ical assay methods are available for its detec- 
tion 

The circulation in human skeletal muscle 
has been studied by indirect methods during 
sustained muscular contraction It was found 
that below a certain critical strength of sus- 
tained contraction of the calf muscle, blood 
flow was not decreased, but, above this critical 
point, the vessels were evidently compressed, 
for hyperemia followed release of the contrac- 
tion 

With rhythmic contraction of calf or forearm 
muscles, blood flow was increased during and 
immediately following exercise It was felt that 
increased flow (vasodilator metabolite medi- 
ated) alternating with decreased flow (mechan- 
ical compression of vessels) paralleled the re- 
laxation and contraction of the muscle Me- 
chanical obstruction, metabolite formation, 
and the action of muscles on the venous flow 
are probably all intricately involved m the 
muscular blood flow of exercise It has been 
shown that an increase in venous pressure 
may alter arterial inflow to muscle The sym- 
pathetic nervous system probably does not 
have a significant effect on the circulatory 
changes during exercise, for vasodilation is 
similar during the after exercise m normal and 
sympathectomized limbs Also, the vascular 
bed of the exercising hmdlimb of the dog be- 
comes less responsive to sympathetic stimula- 
tion as the strength of contraction and oxygen 
uptake increases 

The blood flow of exercising skeletal muscle 
in the dog, except during maximal exercise, is 
reduced by sympathetic nerve stimulation 
mtra-arterial norepinephrine or epinephrine 
infusions, and carotid sinus stimulation How- 
ever the hypothalamic vasodilator sympathetic 
pathway does not affect exercising muscle 
Both resting and active skeletal muscle show 
autoregulation in the dog An increased resist- 
ance occurs with a rise in perfusion pressure 
and vice versa, i e despite changes in blood 
pressure, the blood flow tends to remain 
stable Theories to explain autoregulation in- 
volve a myogenic responses of the vessel walls, 
release of vasodilator metabolites, or de- 
creased oxygen The level of metabolic activity 
does not affect autoregulation, the phenom- 
enon also occurs in denervated muscles 


CIRCULATORY ADJUSTMENTS WITH 
EXERCISE 

The changes m regional blood flow with ex 
ercise are summarized m Fig 3 178 As ex- 
pected, the increased cardiac output supplies 
an enormously elevated skeletal muscular 
blood flow Skin flow increases at first, until 50 
to 60% of the maximal work load is reached 
then declines This increase favors body 
cooling But further increase m work load 
causes a progressive decrease in skin flow as 
sympathetic vasoconstrictor tone continues to 
rise, apparently overcoming thermoregulatory 
skin vasodilator responses Visceral flow 
(splanchnic, hepatic, and renal) decreases, 
cerebral flow remains unchanged, and coronary 
flow increases in proportion to cardiac work 
These findings are, in general, based on indi 
rect determinations of blood flow applied one 
at a time to various vascular beds, e g , renal 
clearance (sect 5, chap 1) hepatic bromsul 
phalein (BSP) excretion, skin temperature 
changes, etc (see also p 3-142) However, in 
dogs with implanted flowmeters, renal artery 
flow remain unchanged while hepatic artery 
flow to liver and stomach and through hepatic 
vein decreased with short term treadmill ex 
ercise (Rushmer, 1970) Such responses appear 

Q l/min 

Coronary ,„iillllll 



Fig 3178 The changes of regional distribution of 
cardiac output as work load is increased 6 blood flow 
Yoj oxygen consumption as a measure of work load 
(Redrawn from Clausen 1 969 ) 
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characteristic of short term work and brief 
bouts of exhausting exercise In prolonged 
moderate work or sustained strenous exercise, 
blood flow distribution to kidne>, liver, gastro- 
intestinal tract, and skin must be maintained 
at levels adequate for continued functions ot 
these organs Telemetered flowmeter data 
(mesenteric artery, renal artery) from sledge 
dogs indicate no decrease m splanchnic and 
renal flow with prolonged strenuous exercise 
(Van Citters and Franklin 1969b) More work 
IS required to reconcile various results based 
on findings from studies employing different 
methods and species At present, the consen- 
sus remains that with short term exercise ab- 
dominal visceral and renal flow decrease, cere- 
bral flow IS mchanged, skin flow increases with 
moderate, decreases with severe work, coro- 
nary flow increases with cardiac output, and 
flow to skeletal muscle increases During pro- 
longed exercise, the elevated flow to skeletal 
muscle IS not produced at the expense of ade- 
quate flow to abdominal viscera 
Physical conditioning or training affects the 
cardiopulmonary and skeletal muscular sys- 
tems in a variety of ways which improve work 
performance (Clausen, 1969) Stroke volume, 
blood volume, total hemoglobin, muscle capil- 
lary bed, and mitochondrial content of muscle 
are all increased Thus, all oxygen delivery and 
utilization systems involved m exercise are 
enlarged The capacity to increase cardiac 
output is elevated by the increase in stroke 
volume, which is reflected in lower heart rates 
at rest and for given work levels Muscle blood 
flow at a given work load is actually reduced 
(Clausen, 1969) This occurs because there is 
an increased oxygen extraction m trained 
muscle, made possible by an increase m oxida- 
tive mitochondrial enzymes and in the number 
and size of mitochondria Thus, “white” 
muscle fibers come to resemble “red” muscle 
fibers in histological appearance and enzymat- 
ically, an adaptation favoring aerobic metabo- 
lism and endurance (see p 3-35 and Tables 
3 7 and 3 9) This change appears to be medi- 
ated by motor neuronal activity, 1 e , muscle 
composition is perhaps governed by the 
average rate of stimulation or migration of a 
specific trophic substance from the central 
nervous system, a hypothesis supported by 
cross innervation experiments which can cause 
transformation of white fibers to red and vice 
versa (Guth, 1968, Duller et al , 1969) 

The net effect of these changes is that fol- 


lowing physical training at a given work load 
myocardial and skeletal muscle blood flow can 
actuallv be reduced and less reduction in 
splanchnic blood flow is required for adequate 
muscle perfusion (Clausen, 1969) This may 
explain the failure to record reduction m mes- 
enteric and renal blood flow in racing sledge 
dogs, as contrasted with reported decreases m 
splanchnic flow in exercising men not trained 
for endurance performances On the other 
hand, the microcirculatory bed to muscle is 
enlarged, so that greater peak flows can be at- 
tained 

Thus, physical conditioning is a complex 
affair in which cardiac performance is im- 
proved through increase in stroke volume, re- 
duction in heart rate, and decrease in periph- 
eral resistance, peak muscle blood flow can be 
increased by enlargement of the microcircu- 
latory bed, but the demand for muscle blood 
flow IS relatively decreased by elevation of 
oxygen extraction from blood 

REACTIVE HYPEREMIA 

Following a period of complete occlusion of 
the arterial supply to a limb, the blood flow 
mcreases markedly and then returns to the 
control level This phenomenon has been 
named “reactive hyperemia ” For measure- 
ment of reactive hyperemia, the blood flow in 
excess of that expected (the control blood flow) 
IS usually calculated The response occurs both 
in skin and muscle and can be decreased m 
the skin by cooling, epinephrine, or tobacco 
smoking The amount and duration of reactive 
hyperemia correlate with the previous length 
of arterial occlusion This has been shown to 
be true for occlusion periods up to 10 mm 

The blood flow and oxygen debt incurred 
during the period of occlusion are calculated 
by multiplying the control blood flow or ox- 
ygen usage before circulatory arrest by the 
duration of occlusion This assumes that the 
blood flow and oxygen usage of the muscle 
would have remained at the previous control 
rates if the blood flow had not been occluded 
and that the metabolic rate of the muscle is 
not affected by the circulatory arrest In the 
isolated gracilis muscle of the dog and in the 
human forearm, the oxygen debt is approxi- 
mately repaid for different periods of occlu- 
sion, while the blood flow debt repayment 
ranges from 50 to 200% of that expected 

The phenomenon of reactive hyperemia has 
also been demonstrated in the exercising dog 
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hmdlimb Flow debts are underpaid or barely 
repaid Oxygen debts are entirely or partially 
repaid depending upon the level of muscle per- 
formance and the duration of the ischemic pe- 
riod In resting muscle and during light exer- 
cise, both increased blood flow and oxygen ex- 
traction are involved m repayment of the ox- 
ygen debts but during medium and strong ex- 
ercise, the increased blood flow is most impor- 
tant Since oxygen debts are often not repaid 
during strong exercise in the presence of a de- 
creased arteriovenous oxygen difference, ox- 
ygen extraction is the limiting factor 

The metabolites incriminated as the cause of 
exercise hyperemia have also been postulated 
as eliciting reactive hyperemia Since reactive 
hyperemia occurs in sympathectomized and 
denervated limbs, nervous system control is 
not considered as important The mechanical 
effect of the lack of pressure in the vessels 
during the period of occlusion has been dem- 
onstrated to play a role in the dilation If the 
forearm is “packed” with venous blood before 
the circulatory arrest, the ensuing reactive 
hyperemia is decreased However, the peak 
flow of the reactive hyperemia is not altered so 
that intravascular pressure cannot be the en- 
tire cause of the dilation Lewis and Grant 
(1925) postulated that H-substance was in- 
volved m the production of reactive hyperemia, 
some observers have found an increased his- 
tamine concentration in venous blood after cir- 
culatory arrest but others have not However, 
antihistamines do not decrease nor abolish re- 
active hyperemia As in exercise hyperemia 
the vasodilator metabolites and effects of pH 
cannot be ruled out by studying only the ve- 
nous blood, tissue studies would probably be 
more informative Failure to discover the caus- 
ative agent of vasodilation m muscular exer- 
cise and following arterial occlusion has been a 
major obstacle to the understanding of muscle 
physiology and the diseases involving a de- 
creased blood supply to human limbs It seems 
likely that the study of aerobic and anaerobic 
tissue metabolism of skeletal muscle would be 
more profitable than blood flow studies, v^ich 
evidently do not correlate with oxygen usage 

ARTERIOVENOUS ANASTOMOSES IN 
SKELETAL MUSCLE 

The question of whether arteriovenous 
shunts actually exist as functional units in 
skeletal muscle i$ still unsettled to most physi- 


ologists Microscopic studies on the circulation 
of rat skeletal muscle reveal many communi 
cations between small arteries and veins which 
do not enter the muscle proper During mac 
tivity, most of the flow is through these anas 
tomoses and not to the muscle fibers When 
the rats are bled m small amounts, the mus 
cular arterioles close and flow in the capillaries 
ceases while it persists m the anastomotic 
channels However, that such communications 
actually function in man and possess a means 
of shunt regulation has not been demonstrated 
Indirect evidence for the existence of func 
tional anastomoses is the decreased oxygen 
consumption and increased lactic acid produc 
tion during vasodilation, such findings would 
occur if capillary flow were reduced As men 
tioned previously, the disappearance rate of a 
radioisotope from a depot m skeletal muscle is 
thought to represent only capillary blood flow 
and not shunt flow For example, during emo 
tional stress, total forearm blood flow increases 
(plethysmograph) but radioisotope clearance 
from forearm muscle does not change Such 
studies have led to the concept of a dual circu 
lation in resting muscle, one circulatory 
pathway has been referred to as “nutritional” 
and the other, “nonnutritional ” 

COLLATERAL BLOOD FLOW 

When the major artery to a vascular bed is 
occluded, smaller vessels arising from arteries 
above the occlusion supply the area with 
blood This collateral flow may prove adequate 
for all functions Some patients withstand an 
embolic femoral artery occlusion with no ad 
verse effects to the limb In dogs, ligation of 
the femoral artery rarely produces signs of is 
chemia Since collateral arteries function 
within seconds of arterial occlusion, it is 
thought that these vessels pre-exist, however 
they increase in size following arterial occlu- 
sion In patients with aortic bifurcation throm 
boses, aortography often reveals vessels as 
large as the femoral artery arising from the 
mesenteric arteries and supplying the limbs 

In normal young subjects, plethysmogxaphic 
studies of calf blood flow show that mechanical 
compression of the femoral artery decreases 
flow to one-sixth of the previous resting level 
with recovery to normal flow within 6 mm 
despite continued compression The flow is 
non-, or only slightly, pulsatile Reflex 
warming of the body and ganglionic blockade 
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increase the collateral blood flo\v demon- 
strating that it IS affected by the sympathetic 
nervous system Exercise of the leg usually 
increases the collateral flow but the increase 
may be due to a rise in systemic blood pres- 
sure 

When the external iliac or femoral artery is 


acutely occluded in dogs or cats, the flow 
drops to one-third of the preMOus resting level 
and then gradually rises to 50 to 100?c of 
normal In dogs with acute or chronic arterial 
occlusions, the blood pressure below the ob- 
struction initially falls to low" le\els, but ap- 
proaches normal in a few weeks 
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Spfanchnm Circulation 

The splanchnic circulation may be repre- 
sented as consisting of three parts 1 ) the mes- 
enteric bed, supplying the gastrointestinal 
tract, 2 ) the splenic bed, and 3 ) the hepatic 
bed 

A unique feature of this circulatory system is 
that the combined outflow from two of the 
components (mesenteric and splenic) consti- 
tutes the major portion of the inflow of the 
third one (hepatic), through the portal vein In 
its hemodynamic implications, this anatomical 
arrangement has been compared to the Wheat- 
stone bridge in an electrical circuit (Bradley, 
1958), because of the placement of the resist- 
ance vessels (Fig 3 179) This serves mainly to 
emphasize the large number of variables that 
influence blood pressure and flow m any one 
point of the system, and the potential fallacy 
of conclusions based upon measurements of a 
single variable, such as portal venous pressure 

As in other regions of the circulation, it is 
the measurement of blood flow that presents 
the greatest source of difficulties Direct 
methods to this date can only be applied at 
the cost of considerable surgical and anesthetic 
trauma, and with various degrees of interfer- 
ence to flow (particularly venous flow) due to 
cannulation procedures This latter obstacle 
has been eliminated by the application of non- 
cannulatmg electromagnetic flow meters 
(Green et al , 1959) Indirect methods, based 
on the Fick principle and the ability of the 
liver to clear certain dyes, such as bromsul- 
phalem (Bradley et al , 1945) or colloidal 
substances from the blood stream, do not have 
these disadvantages, but — aside from their 
failure to meet strictly the criteria of the Pick 
principle — can be used only for measurement 
of total splanchnic outflow (i e , hepatic venous 
flow), not for that of its various components 

MESENTERIC CIRCULATION 

The nature of pressure-flow relationships in 
the intestinal vascular bed is controversial at 


the present time According to one group of 
investigators, the mesenteric bed behaves m a 
passive manner, similar to other areas such as 
the skin There exists a “critical closure” pres- 
sure of the order of 15 mm Hg below which 
flow ceases, above this point, progressive in- 
crements of pressure result m greater and 
greater increments of flow in other words, 
vascular resistance decreases with increasing 
perfusion pressure (Selkurt and Johnson, 1958, 
Hmshaw, 1962) The reasons for this deviation 
from Poiseuille’s law are dilatation of blood ves- 
sels with increased intraluminal pressure and 
the opening up of “dormant” capillaries This 
view is opposed by others who find evidence for 
mesenteric vascular auto-regulation, such as is 
seen m the brain and kidney — i e , a tendency 
to maintain blood flow (or possibly another 
variant, such as capillary pressure) constant in 
the face of a varying perfusion pressure This 
implies an increase in vascular resistance as 
perfusion pressure is increased (Johnson, 1960, 
Texter et al , 1962, Folkow et al , 1963) In all 
likelihood, differences in experimental 
methods, particularly in perfusion techniques, 
are responsible for the conflicting results 
Certain hemodynamic characteristics pe- 
culiar to the mesenteric circuit derive from the 
location of these vessels in the walls of viscera 
capable of actively or passively changing their 
intramural tension Isolated, perfused intes- 
tinal loops exhibit two sorts of spontaneous 
contractile activity rhythmic segmental con- 
tT*actions, and alterations of the muscular tone 
Each of these has a definite influence on blood 
flow within the loop (Sidky and Bean, 1958) 
During segmental contractions, there is an in- 
crease in venous outflow and decrease in arte- 
riolar inflow, porportional to the strength of 
the contraction, reverse changes occur during 
relaxation In addition to these phasic changes 
associated with individual contractions, there 
IS close relationship between mean blood flow 
per unit time and the frequency of rhythmic 
segmental activity All other things being 
equal, the minute volume flow increases with 
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increasing frequency of contractions Changes 
in the gut’s muscular tone are of longer dura- 
tion and involve greater lengths of intestine 
than segmental contractions An increase of 
tonus results m reduction of both arterial in- 
flow and venous outflow Following cessation 
of tonic contraction, blood flow temporariK 
increases above precontraction le\els, m a 
manner analogous to the reactive hyperemia 
observed in skin, skeletal muscle and myocar- 
dium (see Chap 10) Since segmental and 
tonic contractions occur independently from 
one another and may be more or less superim- 
posed, their effect on intestinal blood flow can 
be quite complex If these processes observed 
m the isolated loop also operate in the intact 
animal or man, the musculature of the intes- 
tine may emerge as a factor in the regulation 
of splanchnic and systemic blood flow 
Passive changes in intramural pressure, such 
as those occurring m acute distension, also in- 
fluence intestinal circulation (Noer et al , 1951) 
It was shown in serosal vessels of rabbit’s in- 
testine, that at intraluminal pressures of 15 to 
20 mm Hg, segmental contractions cease, ac- 
companied by slowing of blood flow in the 
venules With progressive rising of the pres- 
sure, circulation slows, then ceases, first on the 
venous, then on the arterial side While such 
levels of mtraintestmal pressures are clearly 
outside the physiological range, these circula- 
tory changes are the basis of the massive trap- 
ping of blood and leakage of plasma mto the 
wall and lumen of the gut observed during 
acute intestinal obstructions 

In the maintenance of normal mesenteric 
circulation, the hemodynamic characteristics 
of the local vascular bed and the possible influ- 
ence thereon of the intestinal smooth muscula- 
ture are supplemented by a rich network of 
vasomotor nerves These nerves belong to the 
sympathetic nervous system, their pregan- 
glionic fibers are contained in the splanchnic 
nerves, the postganglionic fibers form large 
plexuses around the abdominal aorta and ac- 
company its branches to all the viscera The 
function of vasomotor nerves has been dis- 
cussed in detail in Chapter 8 Electrical stimu- 
lation of the splanchnic nerves in anesthetized 
dogs produces sharp decline in blood flow in 
the mesenteric artery, along with increasing 
the arterial (and portal vein) pressures, indi- 
cating that vasoconstriction has occurred 
There is no evidence for the existence of vaso- 
dilator fibers in the splanchnic nerves (Deal 
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and Green 19561 Intra-arteriall> injected nor- 
epinephrine reproduces the effect of 
splanchnic ner\e stimulation (see chap 8), 
while section ot the ner\es or administration of 
ganglionic blocking agents increases mesen- 
teric flow 

Vasomotor reactions m the mesenteric cir- 
cuit are of considerable importance in various 
circulatory adjustments (see pp 3-173 and 
3-174) Not all \asomotor activitv, howe\er, is 
necessarilv mediated by the nervous system In 
the dog, experimental elevation of the portal ve- 
nous pressure results m a reduction of mesen- 
teric blood flow greater than the decrease m 
mesenteric artery-portal vein pressure gra- 
dient, indicating that mesenteric vascular re- 
sistance had increased (Selkurt and Johnson, 
1958) This change in resistance is showm to be 
independent from nervous activity and due to 
“myogenic” response of the arterioles to the 
pressure increase transmitted through the cap- 
illaries (Johnson, 1959) It is not known what 
role, if any, this venous -arteriolar response 
plays in the intact animal 

SPLENIC CIRCULATION 

The nature of the intrasplenic circulation is 
a long-standing, unsettled controversy Lack of 
agreement is centered around the manner of 
connection between arterial and venous capil- 
laries whether their lumma are continuous 
with one another (“closed circulation’") or is 
arterial blood discharged directly mto the 
meshwork of the splenic pulp from which it 
seeps back mto the venous capillaries (“open 
circulation”) The basis for suspecting a dis- 
continuity of the circulatory bed (unparalleled 
elsewhere m the body) is the presence of blood 
cells and intra-arterially injected foreign mate- 
rial m the splenic pulp, seen on histological 
examination, this is attributed to experimental 
artifacts by adherents of the “closed circula- 
tion” theory Microscopic transillumination 
studies m the living animal (Whipple et al , 
1954) suggest that both open and closed circu- 
latory patterns function simulatenously (“com- 
bined circulation”), but it is debatable whether 
these observations on mouse spleen are appli- 
cable to the human organ in view of the dem- 
onstrated structural differences between the 
two (Snook, 1950) Pressure-flow relationships 
m the perfused dog spleen show a continuous 
drop in vascular resistance, without any 
plateauing, even at high pressure and flow 
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rates This great distensibility of the splenic 
intravascular space is probably due to the 
opening of the vascular sinuses 

In certain mammals (dog, cat, horse, guinea 
pig) the spleen serves as a reservoir of blood 
Under ordinary circumstances, blood is stored 
in the distensible venous sinuses, to be re- 
leased into the circulation when need arises (as 
during exercise, anoxia, hemorrhage) 

Evidence indicates that this splenic 
emptying mechanism is under sympathetic 
regulation (Green et al , 1960) Stimulation of 
splenic nerve fibers in the dog results in simul- 
taneous decrease m arterial inflow, increase in 
venous outflow, and decrease of splenic weight 
The inflow response can be reproduced by 
mtra-artenal norepinephrine injection, while 
the outflow response can best be reproduced 
by injection of epinephrine This suggests the 
existence of separate mechanisms for the con- 
trol of splenic inflow and outflow a norepi- 
nephrine -mediated arteriolar inflow constric- 
tion and an epinephrine -mediated emptying 
mechanism This latter might be due either to 
venular relaxation causing passive elastic re- 
coil of splenic tissues, or to primary contrac- 
tion of splenic smooth muscle fibers 

In man, there is no evidence to indicate that 
splenic contractions take place under physio- 
logical circumstances, nor do injections of 
adrenaline raise the circulatory plasma or red 
cell volumes (Parson et al , 1948) as one would 
expect if the spleen served as an important 
blood depot 

HEPATIC CIRCULATION 

In addition to receiving its mterial blood 
supply through the hepatic artery, the liver is 
also perfused by the mesenteric and splenic 
venous outflow through the portal vein As 
pointed out earlier, this unique circulatory ar- 
rangement leads to considerable complexity of 
splanchnic hemodynamics, and information 
regarding the various factors determining 
blood flow through the liver is still fragmen- 
tary The following may illustrate the difficul- 
ties encountered 

The hemodynamic properties of the portal 
venous bed of the isolated liver show a great 
deal of similanty to those of other vascular 
bedSy such as the mesenteric described earlier 
There is, in harticulmr, a progressive decrease 
of resistance with increase of perfu- 

sion pressures throughout the physiological 
pressure range (up to X2 to 13 cm. of HjO) 


This would indicate that relatively small 
changes of portal pressure are associated with 
marked flow effects and that, consequently, 
portal venous pressure is an important deter- 
minant of total hepatic flow 
As may be seen from Figure 3 179, however, 
portal venous pressure is under the influence 
of a variety of factors Mesenteric and splenic 
arteriolar tone regulate inflow, while the out- 
flow is determined by venular tone and he 
patic sinusoidal pressure The latter, in turn, is 
dependent upon hepatic arteriolar tone and 




Fig 3 179 The Splanchnic circuits The vascular re- 
sistances in the splanchnic bed {A) are shown here m 
diagrammatic form {B) The resistances indicated are 
determinants of pressures in the portal vein and m the 
liver sinusoids and of flows through the portal vein and 
hepatic artery hepatic arteriolar resistance Ra 

splanchnic (i e mesenteric pancreatic gastric and 
splenic) arteriolar resistance Ra, portal venular 
resistance postsinusoidal or hepattc venular resist- 
ance The dotted line represents a fifth resistance lying 
m the direct communications between the portal vein 
and inferior vena cava (From Bradley, 1958 ) 
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hepatic \enous pressure (determined b\ inte- 
rior vena ca\al pressure) which reflate mtlow 
and outflow m the sinusoids \cti\e compac- 
tions of the portal and hepatic ceins are pos- 
sible additional factors all capaDle ot altering 
portal \enous pressure and thus inlluencmsi 
total hepatic flow 

Experimental separation ot all these \aria- 
bles has not been possible up to now ncjnethe- 
less, certain important obsercations ha\e been 
made 

Continuous simultaneous direct measure- 
ments of hepatic arterial and portal \enous 
flows in anesthetized dogs show the contribu- 
tion of the portal vein to total hepatic flow as 
being approximately 65 in one studc (Selkurt 
and Breeder, 1956), and 80^r m another (Green 
et al , 1959) The effects e portal perfusion 
pressures under these circumstances are 6 and 
8 mm Hg, respectively Unlike the portal ve- 
nous bed, the hepatic arterial system seems to 
possess autoregulation -— 1 e hepatic arterial 
flow tends to remain constant when the perfu- 
sion pressure is varied within the physiological 
range (Torrance, 1961) Splanchnic nerve stim- 
ulation causes an increase m both hepatic ar- 
terial and portal venous pressures, with a con- 
comitant reduction in the corresponding flows 
The calculated increases in resistance of the 
portal venous and hepatic arterial beds ap- 
proximately equal one another, suggesting an 
equal degree of splanchnic vasomotor innerva- 
tion Compared to the mesenteric bed, they 
are both less sensitive to vasomotor stimula- 
tion The effects of epinephrine and norepi- 
nephrine are similar to those of splanchnic 
nerve stimulation, causing, however, a less 
marked increase in the resistance of the portal 
bed Thus, even though portal vein and he- 
patic artery pressures increase and hepatic 
arterial blood flow diminishes, portal flow does 
not change much and may even increase 
(Green et al , 1959) In fact, the net effect of 
epinephrine m the resting, nonanesthetized 
human is an increase of total hepatic flow, as 
estimated by indirect Bromsulphalein reten- 
tion (BSP) measurements, along with an eleva- 
tion of portal venous pressure (Bradley et al , 
1952) Norepinephrine under similar condi- 
tions causes a decrease of estimated liver flow 
m man (Bearn et al , 1951), while in normal 
anesthetized dogs either no flow effect 
(Smythe et al , 1953) or a decrease m flow 
(Turk and Shoemaker, 1962) was observed 

The hemodynamic properties of the hepatic 


vascular bea and the nervous and humoral 
control exerted or it niav an important part 
in circuia^Mry PomeoNtasis b\ adjusting 
sDianchnic blood ilow in response to van mg 
Podv needs Blood flow through the splanchnic 
bed is large t(i enable it to serve as 

a reserve#'! The circulating splanciinic blood 
volume m man at rest and m the anesthetized 
dog measured bv isotope dilution techniaues, 
lorms approximateH 2{f} ot the total blood 
volume (about 1000 mi m man) iBradlev et 
al 1950) The total amount ot blood perfusing 
the liver through the hepatic artery and portal 
vein, estimated by the BSP method amounts 
to approximatelv loOu ml 'min in man or 
about 20U ot the resting cardiac output 

CONTROL OF SPLANCHNIC BLOOD FLOW 

Changes in splanchnic hemodynamics occur 
under various phvsiological and pathological 
conditions In man, assumption ot the erect 
position is associated with widespread reflex 
vasomotor adjustments opposing the hydro- 
static forces which would lower the blood pres- 
sure m the upper half of the body (see Chap 9) 
The splanchnic bed is an important effector 
end organ in these reflexes Passive tilting of 
human subjects from supine to upright posi- 
tion causes a decrease of splanchnic blood flow 
without similar changes of mean blood pres- 
sure, indicating that an increase m splanchnic 
vascular resistance has occurred (Culbertson et 
al , 1951) This channels blood to other vas- 
cular areas, notably those m the upper regions 
of the body In subjects wuth previous 
splanchnicectomy, the same tilting procedure 
causes arterial hypotension and a porportional 
decrease of splanchnic blood flow without 
changing the vascular resistance (Wilkms et 
al , 1951) This would indicate that the vaso- 
constriction is normally mediated through the 
splanchnic sympathetic nerves 

Vasomotor adjustments and redistribution of 
circulating blood are also prominent during 
exercise In normal human subjects performing 
light exercise in the recumbent position, circu- 
lating splanchnic blood volume and splanchnic 
blood flow may decrease significantly (Wade et 
al , 1956) As exercise is usually associated 
with an increase m arterial blood pressure and 
cardiac output (see chaps 5 and 8), the reduc- 
tion in splanchnic flow must be caused by in- 
creased vascular resistance The advantages for 
the organism of such vascular adjustments are 
evident, vasoconstriction diverts blood flow to 
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those organs that need it most (e g , the exer- 
cising muscles) Moreover, the extra blood de- 
rived from the reduction in circulating 
splanchnic blood volume serves to boost ve- 
nous return, thereby contributing to the eleva- 
tion of cardiac output (see also chap 5) 

Finally, the splanchnic circulation plays an 
important role in the response of the organism 
to a reduction of circulating blood volume, 
such as occurs after hemorrhage This response 
IS conditioned to a great extent by the amount 
of blood lost, and it may vary, accordingly, 
from transient vasomotor changes to a state of 
irreversible circulatory collapse resulting in 
death 

It might be expected from the splanchnic 
responses to tilting and to exercise that blood 
loss would produce vasoconstriction in the 
splanchnic bed, in order to maintain flow m 
other parts of the body such as the brain and 
heart Actually, observations on the behavior 
of the mesenteric and splanchnic vasculature 
in response to hemorrhage are conflicting 
Splanchnic blood volume and flow are reduced 
during hemorrhage, but investigators using the 
BSP method for measuring splanchnic blood 
flow report no significant change in splanchnic 
resistance following removal of about one-third 
of the total blood volume of the anesthetized 
dog (Reynell et al , 1955) This would indicate 
that the splanchnic bed, unlike the vasculature 
of the skin, skeletal muscles and kidneys, does 
not participate in the systemic vasocon- 
striction following hemorrhage On the other 
hand, when superior mesenteric arterial flow is 
measured directly by means of ah electromag- 
netic flowmeter, moderate, non-shocking hem- 
orrhage produces an immediate increase in 
mesenteric vascular resistance, proportional to 
the magnitude of blood loss (Abel and Mur- 
phy, 1962) Removal of larger amounts of 
blood, resultmg m irreversible shock, produces 
more marked but qualitatively similar changes 
m hemodynamic parameters The metabolic 
consequences, however, are quite different 
Splanchnic oxygen consumption is not af- 
fected by the moderate blood loss, the dimin- 
ished flow IS compensated for by increased 
oxygen extraction by the tissues (Hamrick and 
Myers, 1955) With more massive hemorrhage, 
however, blood flow is so reduced that this 
compensation is inadequate and splanchnic 
oxygen consumption falls, resulting in hepatic 
hypoxia* Hypoxia of the intestines and liver 


may be an important causative factor m deter- 
mining the irreversibility of fatal hemorrhagic 
shock (Selkurt, 1959) 

li^aonal Corcisiatiiooi 

Renal circulation and renal function are so 
closely interrelated that reference to only one 
without consideration of the other always has 
to be artificial and incomplete Also, much of 
our knowledge about renal blood flow steins 
indirectly from the behavior of some special 
functions of the kidney The reader is referred 
to the chapter on “Urine Formation” where 
renal function, the anatomy and the clearance 
method for renal blood flow measurements are 
considered in detail (sect 5, chap 1) 

METHODOLOGY OF RENAL BLOOD 
FLOW 

The renal blood flow m man is usually meas- 
ured by the clearance technique There are 
some restrictions necessary in connection with 
this method 1) rapid changes in the renal 
blood flow cannot be detected since a single 
clearance period covers 5 to 15 mm and gives 
only average values during this time, 2) deter- 
minations can be carried out only when urine 
IS produced at the same time, since for the 
calculation of renal blood flow, it is necessary 
to know the amount of the clearance substance 
(usually parammohippunc acid) which is ex- 
creted in the urine For example, m shock and 
in certain renal diseases, when no urine is pro- 
duced, renal blood flow cannot be evaluated by 
this method 3) Urine formation is also inter- 
rupted when the arterial blood pressure is less 
than 50 mm Hg, since the hydrostatic pres- 
sure in the glomerular capillaries is insufficient 
to produce a glomerular filtrate 

In order to get a more exact picture of the 
renal hemodynamics, it was necessary, there- 
fore, to turn to animal experiments Nearly all 
the direct and indirect methods for the meas- 
urement of blood flow described m Chapter 7 
have been applied in these animal experi- 
ments However, these methods fail to eluci- 
date the pattern of distribution of the intra- 
renal blood flow Methods have been devel- 
oped separately to determine the blood flow of 
the renal cortex and medulla 1) Under certain 
circumstances the accumulation rate of a sub- 
stance in a tissue can be used as a measure of 
the blood flow This method has been applied 
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to the determination oi blood flow to the dif- 
ferent renal areas When radioactive dlbamin 
IS introduced into the arterial circulation, the 
radioactivity builds up m the tissue The rate 
of accumulation of the radioactiv it\ is a func- 
tion of the blood flow to the region 2) Another 
method utilizes the translummation of the dif- 
ferent parts of the kidnev b> implanted micro 
light sources 

Regional blood flow rate is calculated by 
means of local blood volume and local circula- 
tion time 

F (ml /lOO g /mm ) = vascular volume/ 100 g 
mean circulation time 

Local vascular volume is calculated utilizing 
the ratio 

Hemoglobin concentration in tissue 


! mg Evans D!ue 

I i a ren mp cortex 


640 mp cortex 



10 sec 


,200 


BP mmHg 



Fjg 3 180 D/e dilution curves m the rena! cortex 
and medulla of the dog after rapid injection of Evans 
blue into the renal artery | i « a ren ) The passage of 
Evans blue was measured by small photocells which 
separately picked up reflected light from the cortex 
[upper curve) and transmittea light through the medulla 
[middie curve) The photocells were sensitive at the Evans 
blue absorption wave length (640 m/i) The lower curve 
represents systemic blood pressure (BPl (From Kramer 
et al 1960) 


Hemoglobin concentration m blood 

= vascular volume/100 g tissue 

To obtain mean circulation times of blood in 
the cortex and outer and inner medulla, dye- 
dilution curves in these areas were recorded 
simultaneously after a single injection of 
Evans blue or Cardio green into the renal ar- 
tery (see Fig 3 180) Recordings were taken by 
small photoelectric probes placed on the cor- 
tical surface and on one side of the papilla or 
further up into a calyx Whereas in the cortex 
a photoelectric reflectometer was pierced 
under the capsule, the medullary photocells 
received light transmitted from a small tung- 
sten bulb at the tip of a hypodermic needle 
pierced through the tissue Local mean circula- 
tion times were calculated from the dye-dilu- 
tion curves 

Thorburne and associates (1963) used the 
inert gas method in conscious dogs to deter- 
mine intrarenal blood flow distribution After 
a single injection of ®®Kr into the renal artery, 
the disappearance curve of the gamma emis- 
sion was monitored with a scintillation probe 
placed on the body surface above the kidney 
Assuming an equilibration of krypton between 
blood and tissue in a single passage through 
the capillary bed, and assuming an extremely 
small recirculation, the rate of disappearance 
from the kidney will depend upon the nutrient 
or capillary blood flow (F) 

F(ml /lOO g /mm ) = (fe x X x 100)/p 


F = arterial inflow^ rate per 100 g tissue 
k = slope oi disappearance curve 
X = partition coefficient for the inert gas 
between tissue and blood 
p ^ specific gravity of the tissue 

In contrast to other organs, the decay curves 
obtained m the kidney are nonexponential and 
can be described by a series of exponentials 
each associated with different blood flow rates 
through localized regions of the kidney Four 
regions could be differentiated 1) cortex, 2) 
juxtamedullary cortex and outer medullaiy, 3) 
inner medullary, and 4) perirenal and hilar fat 

NORMAL RENAL BLOOD FLOW 

Under resting conditions, in the recumbent 
position, and with a normal mean arterial 
blood pressure, about 1200 ml of blood per 
mm pass through both human kidneys, or 
about 20% of the cardiac output This is called 
the renal fraction of the cardiac output Since 
the average weight of both kidneys is about 
300 g , normally 1 g of kidney is perfused by 4 
ml of blood per min However, this value is 
only an average for the whole kidney since 
there are great differences in the distribution 
of the blood supply within various renal areas 
Blood flow values per gram of tissue have been 
found to be similar in dogs (4 to 5 ml /g /mm ) 
However, smaller animals have a greater renal 
perfusion rate Values up to 10 ml /g /mm 
have been obtained m rats by the PAH clear- 
ance method For a better comparison of 
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values obtained from different laboratories, it 
has become the custom to express renal blood 
flow in milliliters per gram per minute 
In the kidney, there are two capillary beds 
connected in senes the glomerular capillaries 
and the peritubular capillaries They are sepa- 
rated by the vasa efferentia, which functionally 
and anatomically behave like arterioles The 
mam resistance to flow m the kidney is di- 
vided almost equally between the vasa affer- 
entia (preglomerular) and vasa efferentia (post- 
glomerular), and thus the mam pressure drop 
occurs in these segments (Fig 3 181) It has 
been demonstrated by micropuncture studies 
m the cortex of mammalian kidney that the 
hydrostatic pressure m the peritubular capil- 
laries IS usually 14 to 18 mm Hg, and is about 
the same as the hydrostatic pressure in the 
proximal tubules At the present time, there 
are no direct measurements of the hydrostatic 
pressure m mammalian glomerular capillaries 
However, by indirect calculations, this pres- 
sure has been assumed to be normally m the 
range of 60 to 70 mm Hg 
Ever since the investigations of Wirz and 
associates (1951) showed the significance of the 
renal medulla upon the concentrating mecha- 
nism of the kidney and the functional differ- 
ence of this area from the renal cortex, interest 
has grown in the distribution of total renal 
blood flow to the component parts of the 
kidney Up to the present, all the data on the 
intrarenal distribution of blood flow are the 
results of experiments in dogs because of the 
operative procedures involved in obtaining 
these measurements The results show that the 
perfusion rate in the renal cortical tissue is 
much greater than m the medulla (Fig 3 182), 
and indicate that only 1 to 2% of the total 
renal blood flow passes through the inner me- 
dulla This low blood flow in the inner medulla 
IS associated with a low velocity of the blood 
in the vasa recta of the medulla The mean 
circulation time of the blood through the vasa 
recta is about 50 sec , and only about 2 5 sec 
through the cortical capillaries (Fig 3 180) 
On the other hand, the vascular volume in 
the cortex and m the medulla seems to be the 
same, in both areas, the vascular volume has 
been calculated to be about 20 to 22% of the 
tmw volume- More than one factor is known 
to cause this low velocity of blood in the vasa 
leqta- Th® resistance to flow in these vessels is 
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Fig 3 181 Pressure gradients m the mammalian 
renal circulation 



Fig 3 182 Blood flow rates (milliters per gram per 
minute) in different areas of the dog kidney 

very high because of the unusual length (as 
compared to other capillaries) of the vasa 
recta, which may be as long as 20 mm The 
composition of the blood is changed as it 
passes through the medulla, especially when 
the end urine is highly concentrated The 
medullary blood becomes more and more de- 
hydrated as it reaches the tip of the papilla, by 
transmembrane shunting of water from the 
descending to the ascending limb of the vasa 
recta This water-shunt mechanism results in 
an increase of the blood viscosity Thus, the 
unusual length of the vasa recta and increasing 
blood viscosity all contribute to the low ve- 
locity of medullary blood flow Table 3 22 
summarizes data on intrarenal circulation 
times, vascular volumes and blood flow rate 
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Table 3 22 


Intrarenai circulation ^imes 

vascuiar volumes and blood flow rate' 





i 

f 

I 

1 

Source | 

1 

Weight ! 

r of 

Total 

Kidnevf 

1 

Intrarenai 

Circulation 

Times" 

Vascular Volume 

Blood Fiovv Rates 

mi 100 g 
tissue 

ml 'lUO g 
kmnes 

mi TOO g 
tissue/ 
mm 

ml /TOO g 
kidnev/ 
nun 

Toi 

total 

renal 

blood 

flow 

1 


mm 






Cortex 

70 i 

0 021 

19 2 

13 5 

i58 

6210 

92 5 

! 

75 




472 

354 0 

94 1 

Outer medulla | 

20 ' 

0 086 

19 2 

39 

112 

22 4 

6 5 


15 ! 




132 

290 

53 

Inner medulla i 

10 ' 

0 75 , 

22 0 

2 2 

29 

29 

1 0 


10 




17 

22 

20 i 

06 

1 

Compartment I II 

i 

1 

! 

0 095 


17 3 


209 5 1 

96 9 


1 

1 

fO 073) ' 






Compartment HI i 

i 

14 


6 1 


6 5 ! 

3 1 

1 

1 

1 

i 

(11) 

1 

1 

) 


1 

i 1 

1 1 



" From Thurau, 1964 

* Figures m parentheses represent values for erythroc>'tes, all other \alues were obtained from plasma 


INTRARENAL HEMODYNAMICS AND 
RENAL FUNCTION 

Intrarenai hemodynamics and renal function 
are so interrelated that change in one will al- 
ways affect the other An increase in the cor- 
tical blood flow, if correlated with elevated 
glomerular capillary pressure, causes an in- 
crease m the glomerular filtration rate In 
these circumstances, the excretion of osmoti- 
cally active substances will be increased This 
latter effect is partially caused by an increase 
m the tubular load, i e , a greater amount of 
osmotically active substances offered to the 
tubules by the increased glomerular filtration 
rate On the other hand, in the presence of an 
mcrease m cortical blood flow, there is a con- 
comitant increase in the peritubular capillary 
pressure which, by itself, may affect the total 
excretion by means of decreased proximal tu- 
bular reabsorption 

Medullary blood flow seems to be important 
for the concentrating ability of the kidney In 
the renal medulla, the osmotic pressure pro- 
gressively increases from the base to the tip of 
the medulla and becomes a determinant in the 
concentration of the final urine delivered to 
the renal pelvis. An mcrease of blood flow in 
the medulla tends to wash out the osmotically 


active substances from this area, decreasmg 
the osmotic pressure and causing a lower con- 
centration of the final urine In this manner, 
renal function is affected b\ primarv changes 
m medullary blood flow and, conversely, med- 
ullary blood flow may be affected by primary 
changes m renal function In water diuresis, 
the medullary blood flow is greater than m 
antidiuresis The cortical blood flow and the 
glomerular filtration rate are unchanged under 
these circumstances 

AUTOREGULATION OF RENAL BLOOD 
FLOW 

The blood flow (F) in an organ is directly 
proportional to the arteriovenous pressure gra- 
dient (Pa-p), and inversely proportional to the 
resistance (i?), i e , F = {Pa-v)/{R) In certain 
organs (e g , the skin or the pulmonary circula- 
tion), when only the arteriovenous pressure 
gradient increases, the blood flow increases 
more than the mcrease in pressure gradient, 
meanmg that there has been a concomitant 
decrease m the resistance caused by the pas- 
sive distention of the vessels with pressure 
The pattern of behavior of the renal blood flow 
is different, it reacts m the manner just de- 
scribed at perfusion pressures only up to 90 
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mm Hg However, when the arterial perfusion 
pressure rises above 90 mm Hg, the resistance 
increases so that the total blood flow in the 
kidney remains nearly constant (Fig 3 183, 
curve N) Above 250 mm Hg, the blood flow 
again becomes directly dependent on the ar- 
terial pressure This phenomenon is known as 
the autoregulation of renal blood flow because 
it IS also present after cutting the renal nerves, 
after injecting ganglioplegic drugs, and in the 
isolated perfused kidney 

Simultaneous measurements of blood flow in 
the cortex and inner medulla of the kidney 
have shown that autoregulation is present 
solely in the cortex Since only about 1 to 2% 
of the total renal blood flow passes through the 
inner medulla, a solitary increase in medul- 
lary blood flow does not actually cause a meas- 
urable increase of total renal blood flow 
Therefore, in the presence of a rising arterial 
perfusion pressure, the total renal blood flow 



Fjg 3 183 Pressure-flow curves in the kidney The 
thin lines through the origin of the graph represent equal 
resistances to flow expressed in terms of 
mm Hg 
ml 

per gram per minute 

Curve N pressure flow curve under normal conditions 
The increase of resistance above 80 mm Hg is inde- 
pendent of extrinsic factors (see autoregulation of 
renal blood flow) Curves 1 to 3 pressure flow curves 
with increasing vascular tone secondary to various ex- 
trinsic factors such as increase sympathetic stimulation or 
epinephrine With increasing extrinsically induced vascu- 
lar tone the pressure flow curves become more and more 
linear simultaneous to a decrease in autoregulation 
Curve Q pressure flow curve after paralyzing the smooth 
muscles of the renal vessels Note the abolition of 
autoregulation also note that under normal condi- 
^ons ictwve /v), there is no myogenic tone in the renal 
between 0 to 80 mm Hg 


remains nearly constant m spite of an in- 
creasing medullary blood flow Hence, it is 
more accurate to limit discussion of autoregu- 
lation soley to the cortical blood flow 

There are at the moment, four theories 
which attempt to explain this special behavior 
of the renal blood flow 

Myogenic Theory When the arterial per- 
fusion pressure is increased, the vessels be- 
come distended The smooth muscles, espe- 
cially in the preglomerular vessels, react to 
this dis cent ion by shortening, thereby con- 
stricting the vessels so that a new high resist- 
ance IS established This implies that the tonus 
of the vessels is increased by an autonomic 
myogenic reaction to increasing arterial perfu- 
sion pressure ^ It has been demonstrated in the 
dog kidney that when the arterial perfusion 
pressure is suddenly increased, the blood flow 
IS only increased passively during the first 3 to 
4 sec Following this, the resistance in the vas- 
cular bed increases to such an extent that the 
blood flow nearly ceases at about 15 sec After 
20 to 30 sec the blood flow increases to the 
normal level of the autoregulation (Fig 3 184) 
This initial latency and the phasic changes of 
the resistance are in accord with the con- 
tracting properties of smooth muscle The 
autoregulation can be abolished by drugs 
which paralyze the smooth muscles (potassium 
cyanide, papaverine, and procaine (novocaine) 
in high concentration) Likewise, the phasic 
changes of the resistance, caused by rapid 
pressure increases, are removed by these drugs 
(Fig 3 184) 

There are experimental indications that the 
autoregulatory mechanism resides within the 
preglomerular vessels The glomerular filtra- 
tion rate is controlled, among other things, by 
the mtraglomerular capillary pressure The 
constancy of the glomerular filtration rate and 
its independence from arterial perfusion pres- 
sure changes above 90 mm Hg, constitutes 

^ Contraction of the smooth muscles as the result 
of elevated intravascular pressure has been described 
for many vascular systems In contrast to the kid- 
ney, these myogenic reactions are not powerful 
enough to constrict the vessel to such an extent that 
blood flow remains constant m spite of an elevated 
perfusion pressure It is not necessarily true that the 
single muscle cell of the renal vessel reacts differ- 
ently than in other organs A spatial arrangement of 
the muscle cells, specially oriented, can increase the 
net effect of the single cell contraction on the diam- 
eter of the vessel 
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Fig 3 184 Pattern of flow in the renal artery of dogs 
following sudden increase m the arterial perfusion pres 
sure from 0 to 150 mm Hg before and after vascular 
muscle paralysis by papaverine The phasic changes m 
renal blood flow in the normal kidney indicating a con 
comitant inverse change in resistance can be abolished 
by papaverine The steady state blood flow' of 4 ml /g / 
min at 1 50 mm Hg in the control (autoregulated kidney) 
IS increased under papaverine to about 9 ml /g /min (see 
also Figure 3 183 difference between curve N and curve 
Oat 150 mm Hg) (Modified after Thurau 1959) 


indirect evidence of a constant, intraglome- 
rular capillary pressure Furthermore, by para- 
lyzing the vascular smooth muscles with pa- 
paverine, the glomerular filtration rate now 
becomes directly proportional to the arterial 
perfusion pressure Thus, there is strong evi- 
dence to support the contention that the auto- 
regulatory mechanism depends upon the integ- 
rity and reactivity of the preglomerular vas- 
cular muscles 

Cell Separation Theory. In a vascular 
system in which small vessels branch off from 
a large one, the small vessels receive cell-poor 
plasma from the outer zone of blood m the 
large vessel, because the erythrocytes remain 
m the axial stream of the large vessel This 
separation of plasma and erythrocytes at the 
bifurcation of vessels is called plasma skim- 
ming or cell separation For the kidney, it is 
assumed that this cell separation takes place 
to an unusual degree at the origin of the af- 
ferent arterioles The blood remaining in the 
interlobular arteries becomes more and more 
concentrated with erythrocytes and flows 
through special erythrocyte-shunts directly 
into the veins without flowing through the per- 
itubular capillaries, which are perfused only by 
cell-poor plasma The degree of the cell sepa- 
ration is supposed to be dependent on the ar- 


terial perfusion pressure so that blood with a 
hematocrit up to about 809 m the distal part 
of the interlobular arteries can be produced In 
this range of hematocrit the viscosity of the 
blood IS high and \aries greatl> with small 
changes in hematocrit This variable viscosity 
which IS dependent on the arterial blood pres- 
sure, IS believed to be the cause of the variable 
resistance responsible for the autoregulation 
According to this theor\, a cell-free perfusion 
of the kidne\ should not show^ any autoreguia- 
tion However, it has been demonstrated by 
different investigators that autoregulation does 
occur even when the kidnev is perfused by 
dextran, a cell-free plasma, or blood with a 
very low hematocrit It would furthermore, be 
expected that the oxygen saturation of the 
blood in the distal peritubular capillaries 
should be lower than that in the mixed venous 
blood However, investigations have shown 
that the oxygen saturation m this area is not 
different from that in mixed venous blood 
Also, the passage times of plasma and erythro- 
cytes from the renal artery to the renal vein 
are the same, but, according to the cell separa- 
tion theory, they should differ 

Intrarenal Pressure Theory. By insertion 
of a 24 gauge needle into the renal tissue, it 
was found that the intrarenal tissue pressure 
measured in this way increases dispropor- 
tionately with increasing arterial perfusion 
pressure From this data, it is calculated that 
the elevated tissue pressure has a clamping 
effect on vascular geometry and resistance to 
flow This assumes that the needle pressure 
selectively measures only normal tissue pres- 
sure and that no vessels have been ruptured by 
the needle insertion In any case, measure- 
ments of the mtracapillary and mtratubular 
pressures in the rat kidney by the micropunc- 
ture technique have shown that these pressures 
do not change when the arterial perfusion pres- 
sure IS elevated above 90 mm Hg 
Intrarenal Sodium Feedback Theory at 
the Level of the Juxtaglomerular Appa- 
ratus. The single nephron unit in the mam- 
malian kidney is arranged in such a way that 
the end of the ascending limb of Henle’s loop 
comes m direct contact with the vascular pole 
of its own glomerulum At the point of contact 
the renm-containmg cells are located in the 
wall of the afferent arteriole The tubular cells, 
at the point of connection are called macula 
densa cells and are in contact at their luminal 
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Side with tubular fluid, leaving the ascending 
hmb of Henle’s loop, and at the peritubular 
side with the granular cells of the afferent arte- 
riole Goormaghtigh (1939) suggested the 
macula densa cells were a sensing device by 
which changes in concentration of the tubular 
fluid could regulate the renin release in the 
afferent arteriole Since renin is the enzyme 
necessary for angiotensin formation, preglo- 
merular vasoactions could be initiated by such 
a mechanism Recently it was shown by Thurau 
and Schnermann (1965) that an increase in 
sodium concentration in the tubular fluid at 
the macular densa cells leads to a reduction in 
glomerular filtration rate Assuming the 
kidney showed no autoregulation, then the in- 
crease in arterial blood pressure would not 
only increase renal blood flow but also glomer- 
ular filtration rate and tubular sodium load In 
order not to lose the excess filtered sodium, 
the metabolically linked tubular sodium reab- 
sorption in the proximal tubule would have to 
increase instantaneously Even if equal frac- 
tions of filtered sodium are reabsorbed m the 
proximal tubule, a greater amount of sodium 
during increased GFR would be delivered in 
the more distal tubular segments Sodium 
concentration at the macular densa cells would 
therefore increase and reflect the increased 
GFR and RBF The increased sodium concen- 
tration at the macula densa cells lowers the 
glomerular filtration rate by preglomerular 
formation of angiotensin which leads to a pre- 
glomerular vasoconstriction and concomitantly 
to a fall in filtration rate On the basis of this 
mechanism, renal autoregulation would pri- 
marily be a phenomenon which keeps sodium 
load as the major determinant for renal metab- 
olism constant, and autoregulation of blood 
flow under normal conditions would be a con- 
sequence of such a regulation 

NERVOUS CONTROL OF RENAL BLOOD 
FLOW 

The highly developed plexus renalis contams 
sympathetic and parasympathetic fibers How- 
ever, under normal physiological conditions, 
not too much is known of the significance of 
this nch nerve supply to the kidney The mter- 
pretation of the results of experiments with 
regard to the nervous control of renal blood 
fe cximplicated hy the fact that the vas- 
system of the kidney has an autonomous 
and vanalte which is independent of 


any innervation (see autoregulation of renal 
blood flow) and may interfere with nervous 
vascular reactions For a better understanding 
of this vascular behavior, see Figure 3 183 
which shows pressure flow curves resulting ei- 
ther from change of nervous vascular tonus or 
from autonomous tonus 

Much investigation has been going on to 
gam information about the nervous control of 
the renal blood flow under resting conditions 
Renal blood flow has been measured before 
and after denervation of the kidney 

In unanesthetized man and animals in re- 
cumbency, the renal blood flow of the dener- 
vated kidney does not differ from that of the 
innervated kidney This implies that under 
resting conditions there is no sympathetic 
nervous mfluence m the renal vascular bed 
Furthermore, the nonexistence of a sympa- 
thetic tone of the renal vascular bed, under 
resting conditions, has been confirmed by 
animal experiments in which depressor re- 
flexes in the systemic circulation were pro- 
duced Stimulation of the reflexogenic areas of 
the carotid sinus and aortic arch causes vasodi- 
lation in the kidney only when a sympathetic 
tonus of the renal vessel has been previously 
produced by asphyxia or by anesthesia 
In anesthetized animals, it has been shown 
that the renal blood flow may increase after de- 
nervation, but, since the sympathetic tone m 
the peripheral vascular bed is usually aug- 
mented during anesthesia, the denervation, 
therefore, eliminates only the unphysiological 
sympathetic stimulation produced by the anes- 
thesia, and thereby permits return of the blood 
flow to normal values Accordingly, in a dog 
where one kidney is denervated, the renal 
blood flow decreases only in the innervated kid- 
ney during pentobarbital injection The blood 
flow of the denervated kidney shows no change 
Neurogenic vasconstriction of the renal ves- 
sels IS produced by severe hypoxia, i e , arterial 
oxygen saturation below 50% However, in the 
range of decreasing arterial oxygen saturation 
between 100 and about 50%, there seems to be 
no change in renal blood flow, and this is true 
either m anesthetized dogs or m unanesthe- 
tized man The vasoconstrictor effect of severe 
hypoxia can be eliminated in the dog by abol- 
ishing the chemoreceptors in the carotid sinus 
and aortic arch, mdicatmg that the constrictor 
response to hypoxia is induced by stimulating 
the peripheral chemoreceptors. 
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Vasconstnction in the dog kidne> also oc- 
curs during hypercapnia Vvhile breathing a 
mixture of 5 to 30% CO 2 m oxygen In these 
experiments, the pH of the blood simultane- 
ously decreased from 7 49 to 7 21 Since the 
constriction is abolished by renal denervation 
hypercapnia and this degree of acidosis seem 
to produce only neurogenic rather than local 
vasconstnction 

A decreased discharge rate of the pressore- 
ceptors in the carotid sinus or aortic arch in 
dogs, caused by lowering the intrasmusal or 
mtra-aortic blood pressure, or by damping the 
pulse pressure m these areas, leads to neuro- 
genic vasoconstriction in the kidney as well as 
in other organs 

In connection with the nervous control of the 
renal blood flow, the question also arises as to 
whether or not there exists a nervous control of 
the function of the tubular cells After dener- 
vation of the kidney, an increase of sodium 
excretion is often found, suggesting a de- 
creased absorptive capacity of the tubular 
cells However, in nearly all these experiments, 
the glomerular filtration rate simultaneously 
mcreased It is well known that this increase of 
the glomerular filtration rate can cause an ele- 
vated sodium excretion without altered tubular 
function Moreover, those experiments in 
which the excretion of electrolytes was in- 
creased without a corresponding increase in 
the glomerular filtration rate, by no means 
prove a primary changed tubular function after 
denervation As yet, it is still unknown 
whether changes of the intrarenal distribution 
of blood flow occur after denervation since, for 
example, even small changes in medullary 
blood flow can affect the composition of the 
end urine 

EXERCISE, POSTURE AND CENTRAL 
BLOOD VOLUME EFFECTS ON RENAL 
BLOOD FLOW 

In the upright exercising man, renal blood 
flow is diminished when compared to blood 
flow under resting conditions while supine If, 
however, exercise is performed m recumbency, 
the blood flow in the kidney remains nearly 
unaffected Also, the dog, which usually does 
not change its posture during exercise, shows 
no change m renal blood flow when running 
5 6 to 10 m.p h at a 15° slope on a treadmill 

These findings give rise to the supposition 


that the upright position per se, in which exer- 
cise IS usually performed leads to the decrease 
in renal blood flow Indeed it has been found 
that the usual response on changing from the 
recumbent to the standing position is a de- 
crease m renal blood flow Under the extreme 
conditions of prolonged standing, the renal 
blood flow ma> decrease by about 50% of the 
control value These changes are accompanied 
by similar reductions m glomerular filtration 
rate and urine output Since the arterial blood 
pressure is changed little or is unchanged, the 
reduction m renal blood flow is primarily 
caused by an elevated resistance to flow This 
IS only part of a generalized elevation m total 
peripheral resistance secondary to the upright 
position This enhanced peripheral resistance 
is caused by an augmented neural vasocon- 
striction rather than by a humoral mechanism 
The afferent mechanisms involved are poorly 
understood, but it is believed that this can be 
effected through reduction of central blood 
volume The central blood volume in the 
thorax can be reduced to subnormal values by 
means of positive pressure breathing It has 
been shown, that under these circumstances, 
the renal resistance to flow increases Since 
the blood volume m the chest is also dimin- 
ished in the upright position, this reduction in 
central blood volume, induced by changing 
from the recumbent to the standing position, 
may be one factor involved in the renal con- 
strictor mechanism Conversely, an increase in 
central blood volume above normal by blood 
mfusion, tilting of the body to the head dowm 
position, or negative pressure breathing, 
should produce a neurogenic vasodilation m 
the kidney But, as pointed out in the pre- 
ceding section on nervous control of renal 
blood flow, under normal resting conditions 
there are no sympathetic discharges to the 
renal vessel, and hence a neurogenic vasodila- 
tion is nonexistent It is not surprising, there- 
fore, that an increase in central blood volume 
fails to result in a renal vasodilation However, 
there is another interesting effect of an in- 
creased central blood volume upon the kidney 
which should be briefly mentioned here It has 
been found that elevation of central blood 
volume simultaneously increases the urine 
output Since renal blood flow and also the 
glomerular filtration rate are not altered under 
these conditions, and, since the resultant di- 
uresis IS caused primarily by an increased free 
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water excretion (le, without concomitant ex- 
cretion of osmotically active substances), there 
IS strong evidence that an increase m central 
blood volume inhibits antidiuretic hormone 
(ADH) secretion of the neurohypophysis It is 
suggested that this ADH-mhibition is reflexly 
induced by stimulation of stretch receptors 
located predominantly in the left atrial wall 
and sensitive to an increase in central blood 
volume (see also p 3-186) 

Returning to the discussion renal blood flow 
during exercise in man, there is no doubt that 
the change to the upright position per se is one 
factor involved in the decreased renal blood 
flow But, reductions in renal blood flow down 
to 20% of the control value, as measured in 
severe exercise m man, can hardly be ex- 
plained by this orthostatic mechanism alone 
It is a matter for further investigations to es- 
tablish the other factors which determine the 
changes in renal blood flow during exercise 

EFFECT OF SOME PHARMACOLOGICAL 
AGENTS UPON RENAL CIRCULATION 

Epinephrine and norepinephrine both have 
powerful vasoconstrictor effects upon the renal 
vessels Each drug acts upon smooth muscles, 
and its action can be abolished by adrenergic 
blocking agents Single intravenous injection 
of 2 fig /kg of epinephrine causes complete 
cessation of renal blood flow During contin- 
uous intravenous infusion of low doses (10 to 
15 lig /mm ) of epinephrine or norepinephrine 
in man, there occurs a 30% decrease in renal 
flow without change m the glomerular filtra- 
tion rate The result indicates that low concen- 
trations of the pressor agents predominantly 
produce efferent arteriolar constriction Since 
the systemic arterial pressure is concomitantly 
elevated, a small rise m resistance must also 
occur in the afferent arterioles or, otherwise, 
there would occur an increase in the glomer- 
ular filtration rate Similar results have been 
found in the denervated kidney in man The 
effect of 2 to 10 Aig /mm of 1 -norepinephrine, 
given intravenously, has been studied in the 
homotransplanted kidney of an identical twin 
recipient and in the innervated kidney of the 
donor In both kidneys the renal blood flow 
decreased 25%, when given 2 fig 1-norepi- 
nephrme, and 50%, when given 10 fig , without 
dianges in the glomerular filtration rate, re- 
vealing the similarity in the response of the 
innervated and denervated kidney to 1-norep- 
inephrine m unanesthetized man Despite the 


decrease m renal blood flow following minute 
doses of epinephrine, there occurs a moderate 
swelling of the kidney Experiments in dogs 
have shown a simultaneous increase in renal 
blood volume It has, therefore, been con- 
cluded that an increase in resistance to flow 
also occurs m postcapillary segments (probably 
venular) which leads to an elevated intracapil- 
lary pressure and a resultant distention of the 
renal capillaries 

Pitressin is an extract of the posterior pitui- 
taries of oxen and hogs with an antidiuretic- 
vasopressor action Infusions of 1 to 2 
m/i/kg /hr, with which significant antidiuretic 
effects can be produced, have no effect upon 
the renal blood flow in man Higher, nonphys- 
lological doses increase the resistance to flow 
m the kidney by direct action on the renal ves- 
sels Repeated injections elicit tachyphylaxis 

The injection of serotonin ( 5 -hydroxy try p- 
tamine) mto the renal artery in dogs, produces 
constriction of the renal vessels This con- 
strictor effect has been shown in innervated as 
well as in denervated kidney and persists after 
the application of sympatholytic agents Thus, 
serotonin probably acts directly on the smooth 
muscles However, intravenously injected sero- 
tonin may be followed by a renal vasodilation 
reflexly induced by the action of this dmg 
upon depressor receptors whose afferent fibers 
arise within the chest and are mediated 
through the vagus nerve In patients with ma- 
lignant carcinoid, the urinary excretion of sero- 
tonin or its metabolic products is elevated sec- 
ondary to the high circulating blood level In 
these patients, the glomerular filtration rate 
and renal blood flow are usually diminished 

1-Hydrozmophthalazine (Apresoline) pro- 
duces a vasodilation in the kidney which per- 
sists for hours following a single injection The 
mechanism of the vasodilatory effect is still 
unknown It seems that Apresoline has no di- 
rect paralyzing effect upon the renal vessels 
since injection into the renal artery produces 
an initial vasoconstriction, followed in several 
minutes by the onset of vasodilation, the lattei 
becoming more marked during the next 30 
min and persisting for 2 to 3 hr 

REACTIVE HYPEREMIA 

In both cardiac and skeletal muscles, and m 
some other organs, the blood flow temporarily 
mcreases over the control value aftei releasing 
an arterial clamp This overshoot of blood 
flow, lasting from several seconds to several 
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minutes, depends upon the duration ot occlu- 
sion and may exceed the estimated biood 
debt incurred during the occlusion perM>d it 
the term reactive hyperemia f restricted to 
this o\ershoot, then b\ definition, the rena^ 
circulation does not shov/ this phenomenon 
A.fter releasing an occlusion of the renal arter\ 
there occurs a brief 3- to 5-sec overshoot ot 
blood flow (Fig 3 185), which however in- 
dependent of the duration ot occlusion and is, 
m no instance, greater than the estimated 
blood flow’ debt Furthermore, after interrup- 
tion of the renal blood flow for several min- 
utes, the re-established blood flow, tollowmg 
the initial overshoot, usuallv decreases tempo- 
rarily to subnormal values 

HYPOTHERMIA AND RENAL BLOOD 
FLOW 

At the onset of the cooling phase, as the 
body attempts to maintain a normal tempera- 
ture (shivering phase), the renal blood flow 
increases 20 to 45% above the control value 
This has been observed utilizing para-ammo- 
hippurate (PAH) clearances in both anesthe- 
tized and unanesthetized man and animals 
This initial increase in renal blood flow’ can be 
abolished by inhibiting shivering with d-tubo- 
curarme As the rectal temperature falls below’ 
32° C (90° F), the renal blood flow progres- 
sively decreases and, at 27° C (80° F) is onl> 
50% of the normal value This decrease m 
blood flow IS also observed m the isolated dog 
kidney which was perfused by cooled blood, 
and in which the renal blood flow was directly 
measured A major part of the decreased blood 
flow is caused by an increased resistance re- 
lated to the augmented viscosity of cooled 
blood, but this factor alone, however, is insuffi- 
cient to explain the degree of change in blood 
flow It IS still unknown which other nervous or 
humoral factors are involved 

Regional cooling such as the immersion of 
an extremity into ice water for some minutes, 
sufficient to produce a painful sensation, m 
man is attended by a 20% decrease m renal 
blood flow This is probably caused by a 
nervous reflex, stimulating sympathetic dis- 
charges to the renal vessels 

ARTERIOVENOUS OXYGEN DIFFERENCE 
AND OXYGEN UPTAKE OF THE KIDNEY 

The oxygen difference between arterial and 
venous blood in the human kidney (AV oxygen 
difference) is about 1 7 ml /lOO ml of blood, 
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Fig 3 185 Correlation of renal oxygen consumption 
with renal blood flow (A) and tubular sodium reabsorp- 
tion (B) Note the exponential increase of oxygen con 
sumption at low renal blood flow values Sodium reab 
sorption was varied by decreasing glomerular filtration 
rate (aortic clampi hypertonic sodium chloride infusion 
saluretic drugs and hypoxia (From Kramer and Deetjen 
1961 ) 

which IS small compared with an AV oxygen 
difference of 4 to 5 mi /lOO ml of blood be- 
tween arterial blood and mixed venous blood 
of the right heart From the renal AV oxygen 
difference and the total renal blood flow (1200 
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ml /mm ), the oxygen uptake of both human 
kidneys is calculated to be about 21 ml /mm 
In isolated dog kidney, as well as in dogs’ kid- 
neys in situ, the AV oxygen difference has 
been found to be fairly constant in spite of 
renal blood flow changes, which means that 
the oxygen consumption in the kidney paral- 
lels the blood flow 

The observation of Zerahn (1956) that the 
oxygen uptake of an isolated frog skin above a 
restmg level is proportional to active sodium 
transport, paved the way for an explanation of 
the direct relation between RBF and oxygen 
consumption It is well established that renal 
sodium reabsorption is an active process and 
represents the overwhelming fraction of all 
tubular processes Since under normal condi- 
tions, GFR varies with RBF, tubular sodium 
reabsorption is high at high RBF and ac- 
counts for the elevated oxygen consumption 
(see Fig 3 185) The constant AV difference of 
oxygen only above 60 mm Hg BP is consistent 
with the onset of glomerular filtration at this 
range of BP, whereas below this pressure the 
AV difference of oxygen is inversely correlated 
to RBF as in most other organs It is clear that 
a direct correlation between RBF and oxygen 
consumption is only obtained as long as GFR 
changes with RBF In osmotic diuresis and 
during ureteral occlusion oxygen consumption 
IS lowered at an increased RBF since GFR is 
diminished 

The AV oxygen difference in the renal me- 
dulla of anesthetized dogs has also been indi- 
rectly calculated by means of the oxygen ten- 
sion of the final urine, which is assumed to be 
in equilibrium with the medullary venous 
blood Usually, the oxygen tension m the urine 
IS less than in the mixed renal venous blood 
and in these experiments, the difference 
during air breathing was 25 =b 3 mm Hg 
Thus, by this method, the AV oxygen differ- 
ence in the medulla has been calculated to be 
8 5 ml /lOO ml of blood, which would indeed 
be very high However, there are indications 
that oxygen pressure in the medulla may also 
be influenced by the counter- current exchange 
mechanism In this case, oxygen pressure 
would progressively decrease to the tip of the 
medulla by transmembrane shunting of oxygen 
from the descending to the ascending limb of 
the vasa recta The low oxygen tension of the 
feml urine would represent only the low ox- 
ygen pressure at the tip of the medulla rather 


than the oxygen pressure of the medullary 
venous blood and, therefore, could not be used 
for calculations of the medullary AV oxygen 
difference 

CONCLUSIONS 

Renal hemodynamics exhibit certain pecul- 
iarities which need re-emphasis Under basal 
conditions, there exists no neurogenic tone in 
the renal vessels, and the kidney is protected 
against elevations of arterial blood pressure by 
an autonomous mechanism which usually main- 
tains the cortical blood flow, the glomerular 
filtration rate and the mtrarenal capillary 
pressure at constant levels A neurogenic vaso- 
dilation is generally nonexistent and only va- 
soconstriction can be produced via the nervous 
system Renal hemodynamics are poorly under- 
stood solely by using measurements of total 
renal blood flow The renal artery supplies 
blood at varying flow rates to the differently 
functioning areas, and function and blood flow 
seem to be mutually interdependent, this has 
only been demonstrated in animals The human 
kidney, however, still holds secret its distribu- 
tion of mtrarenal blood flow 

Fetal and Neonatal Circulation 

In Figure 3 186, diagrams of the fetal, transi- 
tional (neonatal) and adult circulations are 
shown In the fetus, the left and right heart 
halves act essentially as parallel pumps, dis- 
charging blood into the systemic and placental 
circuits Blood from the right heart largely 
bypasses the lung circulation by flowing 
through the ductus arteriosus into the aorta In 
contrast, the two sides of the heart in the adult 
pump chiefly in series, blood passes sequen- 
tially through the right heart and pulmonary 
circulation to the left heart and systemic circu- 
lation It is only after birth that a large pres- 
sure differential develops between the pulmo- 
nary and systemic arterial systems Conse- 
quent to this the relative work load (pressure 
X volume) of the left heart is increased greatly 
over that of the right This difference is re- 
flected in the relative masses of the adult left 
and right ventricles (about 2 1) The transition 
from fetal to adult ciiculatory patterns is ac- 
complished by functional and anatomical clo- 
sure of fetal flow paths {ductus arteriosus, fo- 
ramen ovale, ductus venosus), expansion of the 
pulmonary circuit with expansion of the lungs, 
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and mtemiptioii of the placental circulation 
Failure of ductus arteriosus or foramen oiale 
closure are frequent congenital cardiac defects 
with hemodynamic consequences proportional 
to their degree of ultimate patency Functional 
closure of these fetal bypass routes is almost 
complete m the early neonatal period, but ana- 
tomical closure requires weeks or months (Fig 
3 187) 

CIRCULATION IN THE FETUS 

The placenta serves as the “fetal lung” and 
access port to the maternal circulation for up- 
take of nutritional substances and excretion of 
metabolic wastes The major circulatory cir- 
cuitry of the fetus is diagrammed in Figure 
3 186 (upper) 

Most studies on the physiology of the fetal 
and neonatal circulation have been carried out 
on sheep and goats These species differ from 
man m having two umbilical veins rather than 

Fetal 



Fig 3186 The fetal transitional (neonatal) and 
adult types of circulation (Redrawn from Dawes, 1 968 ) 


Ductus 
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Age from Birth 

Fjg 3 187 Anatomical closure of the special vascular 
channels of the fetus after birth (Redrawn from Dawes 
1968) 

one They possess cotyledonary placentas and 
have a relatively smaller brain Results and 
interpretations reported m the literature con- 
tain unresolved differences m certain details 
(Dawes, 1968, Assali, 1968) 

In the fetus, the combined outputs of the 
left and nght ventricle are about equally di- 
vided between the placenta and fetal mem- 
branes and the body of the fetus itself These 
two circulations are arranged in parallel (Fig 
3 186 upper) and the following percentage dis- 
tributions of flow have been calculated from 
data on lambs (Dawes, 1968) 

Placenta and fetal membranes 57% 

Fetal lungs 10% 

Foreparts of the body 15% 

Hmdparts of the body 187o 

The blood circulating through the placenta, 
enters with an oxygen saturation of about 58% 
and returns in the umbilical veins 80% satu- 
rated (contrasted with 98% oxygen saturation 
of maternal arterial blood) The fetal ductus 
venosus carries some of this blood directly into 
the inferior vena cava, bypassing the liver 
Blood from the lower trunk and extremities 
(26% saturated) and from the liver flow to- 
gether with the umbilical vein blood in the in- 
ferior vena cava. 

Anatomically, the foramen ovale opens di- 
rectly off the inferior vena cava so as to favor 
flow of blood into the left atrium There is evi- 
dence that the edge of the mterartenal sep- 
tum, the crista dwidens, divides the mfenor 
vena cava blood into two unequal streams 
According to this view the larger stream is 
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composed mainly of umbilical vein blood and 
IS shunted through the foramen ovale into the 
left atrium The smaller stream mixes in the 
right atrium with superior vena cava blood 
from the upper body and with blood from the 
heart This less saturated blood largely passes 
into the right ventricle and is pumped out the 
pulmonary artery Pulmonary arterial resist- 
ance is relatively high, the pressure about 5 
mm Hg above that in the aorta and, conse- 
quently, more than two-thirds of right ventric- 
ular output flows through the ductus arteriosus 
into the aorta This blood enters the aorta at a 
point distal to the origins of the arteries to the 
head and upper limbs, and is thus directed to 
the posterior body and umbilical arteries The 
larger stream of highly oxygenated blood from 
the foramen ovale and blood entering the left 
atrium from the pulmonary veins mix and are 
pumped out of the left ventricle into the as- 
cending aorta This blood reaches the arteries 
supplying the upper extremities and head be- 
fore mixing with the highly desaturated blood 
from the ductus arteriosus and about one-third 
of it passes to the upper body Insofar as this 
separation of inferior and superior caval flows 
takes place, the greater will be the percentage 
of oxygenation of the blood reaching the upper 
body and brain However, a difference m per- 
centage oxygen saturation of carotid and de- 
scending aortic blood is not always found ex- 
perimentally and fetuses with cardiac malfor- 
mations preventing such separation, survive to 
term 

Fetal hemoglobin has a greater affinity for 
oxygen than adult hemoglobin so that at equal 
oxygen tension fetal blood carries more oxygen 
than maternal blood Also fetal tissues are 
more resistant to hypoxia than are adult 
These two factors make possible adequate ox- 
ygen supply to fetal tissues, despite a rela- 
tively low oxygen tension in blood leaving the 
placenta 

CHANGES AT BIRTH 

With separation from the placental circula- 
tion, the peripheral resistance rises and as- 
phyxia develops in the infant The pressure in 
the aorta rises and gasping respiratory move- 
ments expand the lungs Constriction of the 
muscular umbilical veins squeezes up to 100 
ml of blood into the fetal veins (“placental 
transfusion’’) and ventilatory movements aid 
venous return. With lung expansion, pulmo- 
nary blood flow increases as pulmonary vas- 


cular resistance falls below one-fifth the in 
utero value Pulmonary venous return to the 
left atrium increases left atrial pressure over 
right atrial pressure and the valve of the /o- 
ramen ovale is closed In response to the in- 
creased blood oxygen tension in blood flowing 
through the ductus arteriosus the smooth 
muscle constricts and the ductus is narrowed 
Aortic pressure now exceeds pulmonic artery 
pressure and flow through the ductus arter- 
iosus IS reversed This is the transitional 
(neonatal) state of the circulatory system 
Functional closure of the ductus is complete 
within 1 or 2 days after birth Anatomical clo- 
sure of the foramen ovale and ductus arter- 
iosus may take several weeks (Fig 3 187) 
However, normally there is little flow through 
these channels after the first few days With 
complete closure the adult separation of pul- 
monary and systemic vascular systems is ac- 
complished (Fig 3 186, lower) with the two 
halves of the heart pumping m series The only 
shunt remaining in the adult is that through 
the bronchial artery and capillary system from 
which a small amount of blood returns to the 
left heart via pulmonary veins, without having 
gone through the right heart 

SUMMARY 

Fetal circulation is especially arranged to 
meet the needs of a rapidly growing organism 
living in a state of relative hypoxia These re- 
quirements include high cardiac output, par- 
tial bypass of the lung circulation, and high 
placental blood flow At birth, the fetus ab- 
ruptly becomes an air-breather, hypoxia disap- 
pears, blood-gas exchange occurs in the lungs 
and the large placental flow is abolished As a 
result cardiac output is reduced, pulmonary 
artery pressure drastically declines, and the 
two sides of the heart function serially, rather 
than m parallel Blood oxygen tension is the 
chief determinant of the pattern of fetal blood 
flow distribution and the changes m this dis- 
tribution which occur at birth 

The ductus arteriosus permits up to 70% of 
the right ventricular output to enter the aorta 
and thus provides a major source of blood 
which flows to the posterior fetal body and 
placenta Because of the parallel arrangement 
of left and right ventricles in the fetus, both 
contribute to the high systemic flow required 
for the fetus and placenta 

Blood flow to the lungs is minimal because 



J o' 5'7 J 


3-241 


Chapter 11 ” " r ' . 

of the differential effect of lou owgen tension 
on lung vessels and ductus arteriosus H\do\- 
emia dilates the latter and constricts the for- 
mer, thus favoring fiou awa> from the col- 
lapsed fetal lungs where peripheral resistance 
IS high and toward the aorta (and placenta) 
where peripheral resistance is low \t birth 
the reciprocal effect of increased oxvgen ten- 
sion on ductus arteriosus and lung vessels re- 
sults in constriction of the former and dilata- 
tion of the latter, pulmonary vascular resist- 
ance also decreases owing to expansion of the 
lungs with the onset of breathing Interruption 
of the placental circulation increases periph- 
eral resistance m the systemic circuit Thus, 
pulmonary peripheral resistance and arterial 
pressure decrease, arterial peripheral resist- 
ance and pressure increase, shunting of blood 


from pulrponar\ arter\ to aorta through the 
ductus arteriosus is curtailed, re\erse& and ii- 
nalh ceases and cardiac output decreases 
The pnmar\ function ot the foramen ovale is 
probabiv not as was once thought to shunt 
higiiK oxygenated blood to the left \entricle 
aorta and head but rather to supph blood to 
the left \entricle, msunng that it work^^ me- 
chamcalK and de\elops adequateK to accomo- 
date the abrupt increase in work load at birth 
The function of the ductus lenosus is uncer- 
tain and this structure is absent or disappears 
earl\ in fetal life i horse, pig) in certain species 
The concept that it supplies a route ior direct 
return of highly ox\genated umibilical venous 
blood unmixed with tetai venous blood, is not 
supported by recent studies (Assail, et al 
1968 ) 
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Blood and Lymph 



PREFACE 


In this section on the blood and lymph these 
fluids will be treated in respect to their trans- 
port of nutrients, waste products, chemical 
communications system, cellular and humoral 
defense system, and the means by which the 
milieu interieur of Claude Bernard is main- 
tained. In developing the function of the blood 
and lymph which interconnects all tissues of 
the body through the vascular system, the reg- 
ulation of the fluctuating steady-state systems 
through feedback loops will be considered. 
Many of these feedback loops are considered 
in detail in the other chapters involving the 


kidney, lungs, brain, and endocrines. Only 
those that relate directly to those elements of 
the blood will be considered. The general plan 
of attack will focus on the functions related to 
the red cell, the granulocytic leukocytes, the 
lymphoreticular system, megakaryocytic- 
platelet system, the proteins related to blood 
coagulation and hemostasis, and the humoral 
aspects of immunity. The nature of the steady- 
state cell proliferation will be developed con- 
ceptually with reference to how it is studied 
and controlled. 
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Phvlogenetic and ontogenetic stud> oi spe- 
cies indicates that Lfe commenced in some 
simple form m a primitice sea, and evoked 
from single organisms to the complex Me- 
tazoa Single ceil organisms such as Protozoa 
and bacteria exist pnmank in a fluid medium 
Such organisms acquire small molecules re- 
quired for metabolism b> direct dittusion from 
the environment through membranes and into 
the ceil Diffusion is a two-Vray street with 
products of metabolism diffusing outward In 
some, if not all organisms, m addition to diffu- 
sion, material is ingested by phagocvtosis and 
pmocytosis The ingested material is incorpo- 
rated into phagocytic \acuoles into which hy- 
drolytic and oxidative enzymes are injected 
breaking down offensive material or particu- 
late nutrients to simple products that can then 
be either excreted or utilized in the general 
metabolism of the cell 

As organisms progress from single cell to 
multicellular organisms with complex struc- 
ture, diffusion, pmocytosis, and phagocytosis 
are inadequate to provide the small molecular 
needs of each cell Tubules, propulsion systems 
of cilia, and ultimately a pump with a closed 
circulatory system develops and transports 
nutrients and waste products As complex 
structures that break down incoming food de- 
velop, the biochemical, structural, and trans- 
port systems become increasingly complex 
Each segment of the increasingly complex 
system undertakes specific and multiple func- 
tions and so maintains the internal environ- 
ment within the range permissible and com- 
patible with life irrespective of the external 
environment 

In the mammal, the blood performs various 
specific functions 

1) Respiratory* An essential function is the 
transport of oxygen from air in the lungs to the 
tissues, and the carbon dioxide from the tis- 
sues to the lungs 

2) Nutritive. Blood conveys food materials, 
glucose, ammo and fatty acids, vitamins, elec- 


troktes, and trace metals from the alimentary 
canal to the tissue:^ 

3) Excretory Blood transports the waste 
products oi metabolism such as urea, uric acid, 

creatmme, etc 

4) Homeostasis of Water, pH, and Elec- 
trolyte Concentration. There is constant ex- 
change oi all molecules in the body between 
blood, interstitial fluid and cells These ex- 
changes are in dvnamic equilibrium With the 
exception oi deoxyribonucleic acid iDNAl m 
the nondividing cells, all constituents oi cells 
are in a continual steady -state turnover at dif- 
ferent rates This turnover is mediated through 
the blood being m direct contact with cells 
through the interstitial fluid and lymph 

5) Regulation of Body Temperature A 
major function of the blood is heat transport 
This IS essential to the preservation of the very 
narrow range m body temperatures that is 
compatible with hie This is considered in 
greater detail elsewhere m this text Water is 
pre-emmentlv fitted to fulfill the purpose of 
heat transport 

1) High Specific Heat The specific heat of a 
substance is defined as the number of calories 
required to raise 1 g of the substance 1° C 
The specific heat of water is much higher than 
that of any other liquid or solid, and this 
buffers sudden changes in temperature A man 
of average weight generates 3000 kcai within 
24 hr This amount of heat, if it were ail re- 
tained in the body, is capable of raising the 
temperature of his tissues, which are SOT wa- 
ter, only about 32*^ C. Heat elimination (radia- 
tion, etc ) normally dissipates this heat pro- 
duction, and the body temperature vanes only 
slightly within narrow limits If the tissues had 
a low specific heat of most substances, 3000 
kcal would raise the temperature of the body 
by 100 to 150'’ C (Henderson, 1913) 

2) High Conductivity The thermal conduc- 
tivity of water is greater than that of any other 
ordinary liquid The advantage of this m heat 
transport from deep organs to the surface, 


4-1 



4-2 BLOOD Ufi 0 LYMPH 


Section 4 


even without the circulation of blood, is ob- 
vious 

3) High Latent Heat of Evaporation More 
heat IS required for the vaporization of water 
than for any other liquid Fluid is being con- 
stantly evaporated from the lungs and skin 
Through this process a large amount of heat is 
lost 

The circulation of blood transporting heat 
from within the body to the lungs, the surface 
and the various vascular shunts that increase 
and decrease the circulation through the skin 
serves to accelerate the loss of heat or to retain 
the heat when needed 

6) Chemical Communication and Protec- 
tion. In addition to the nervous system that 
communicates from the brain to the various 
organs, there are sensitive chemical homeo- 
static systems The concentration of various 
substances in the blood is regulated through 
feedback loops that sense changes in concen- 
tration and trigger the synthesis of hormones 
and enzymes which initiate the synthesis of 
substances needed m various organs Further- 
more, the entire complex of humoral anti- 
bodies important in defense against infection, 
initiation of inflammation, and the regulation 
of hemostasis circulate within the blood These 
will be consid'ered m detail in other chapters 

The Composition of Blood 

Blood IS a complex non-newtonian fluid in 
which several different types of cells are sus- 
pended The specific gravity varies among in- 
dividuals from 1 050 to 1 060 and its viscosity 
IS roughly 5 to 6 times that of water If blood 
clotting IS prevented by addition of substances 
that bind calcium or inhibit later stages in the 
coagulation process, the cellular elements can 
be spun down by centrifugation The superna- 
tant material is called plasma and contains a 
wide spectrum of proteins, organic and inor- 
ganic substances in solution, hormones, anti- 
bodies, and substances not yet adequately de- 
fined The specific gravity of plasma is roughly 
1 027 but varies with the concentration of pro- 
tein m health and disease over wide ranges In 
health, the cells constitute about 46% by 
volume of human blood, and the plasma 54% 

If blood is permitted to clot, the fibrin mesh 
traps the o^ls and retracts When this is cen- 
the supernatant material is called 
and Identical to plasma with the ex- 


ception of the removal of fibrinogen and other 
clotting factors 
Whole blood 

A) Cells 

1) Red corpuscles (erythrocytes) 

2) White corpuscles (leukocytes) 

3) Platelets (thrombocytes) 

B) Plasma 

1) Water, 91 to 92% 

2) Solids, 7 to 9% 

a) Proteins, 7% Serum albumin, 
globulins, and fibrinogen 

b) Inorganic constituents, 0 9% 
Sodium, calcium, potassium, 
magnesium, phosphorus, iodine, 
iron, copper, etc 

c) Organic constituents (other than 
a) and d) Nonprotein nitroge- 
nous substances, (urea, uric acid, 
xanthine, hypoxanthme, creatine 

nhd-d)l JSIcmprote1liL:Uit 
ammo acids) neutral fats, phos- 
pholipids, cholesterol, glucose 

d) Internal secretions, antibodies, 
and various enzymes, (amylases, 
proteases, lipases, esterases, etc) 

INORGANIC CONSTITUENTS 

Plasma is relatively rich in sodium and cal- 
cium but poor in potassium and magnesium 
(Table 4 1), whereas the reverse is true in cells 
These gradients are maintained by dynamic 
energy-consuming processes All of the constit- 
uents are in a steady-state exchange that can 
be shown only by the movement of radioac- 
tively labeled materials The iron m cells is 
confified to hemoglobin and porphyrin en- 
zymes The iron and copper of plasma are 
transported and bound by specific metal 
binding proteins These play a very important 
role in hemopoiesis 

PHOSPHORUS 

Phosphorus exists in blood in four mam 
forms Most of it is present as organic esters in 
the red cells The importance of these is con- 
sidered m chapter 4 The phosphorus fractions 
in organic combinations are 

1) Ester phosphorus* e g , diphosphoglyc- 
erate, adenosinetriphosphate, hexose phos- 
phates, glvcero^phosphate and a whole host of 
red cell enzymes^ 
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Table 4 1 

Chemical composition of peripheral lymph Icervical) and biood plasma from the dog 
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2) Lipid phosphorus, e g , the phosphatides 
lecithin, cephalin, sphingomyelin 

3) Nucleic acid phosphorus is distributed 
between deoxyribonucleic acid (DNA) and ri- 
bonucleic acid (RNA) The former is almost 
exclusively in nuclei as the genetic material ot 
the chromosomes, although a tiny amount of 
DNA IS in mitochondria of the cytoplasm 
RNA IS distributed between nuclei and cyto- 
plasm in the form of messenger RNA, transfer 
and nbosomal RNA, the chemical messengers, 
and the protein synthesizing machinery 

4) Inorganic phosphorus is distributed be- 
tween cells and plasma, and is considered m 
other chapters 

The inorganic and ester fractions are ex- 
tracted from blood by the precipitation of the 
proteins with trichloracetic acid and filtration 
The phosphorus contained in the filtrate is the 
acid soluble phosphorus Upon extraction of 
blood with alcohol- ether the hpid phosphorus 
IS obtained The phosphorus of blood is there- 
fore separated into two classes 

1) The acid soluble fraction which includes 

a) Inorganic phosphorus 

b) Ester phosphorus 

2) The alcohol-ether soluble, i e , lipid phos- 
phorus 

The ester and lipid phosphorus constitute the 
organic phosphorus of blood 

The organic phosphorus compounds are ex- 


ceptionally important m energy transfer proc- 
esses considered m Sect 1, Chap 4 

PLASMA PROTEINS 

The total concentration of proteins m the 
plasma and the proportions \ar\ from species 
to species and withm a species during good 
health Variation compatible with good health 
IS relativ ely narrow 

Classically proteins were divided into heter- 
ogeneous fractions — albumin and globulins In 
the development of knowledge on plasma pro- 
teins, the nomenclature has varied tremen- 
dously being based on methods of detection, 
fractionation and chemical properties The 
tendency now is to name plasma proteins on 
the basis of their function once thev have been 
isolated and characterized, even though an 
empirical nomenclature continues to exist 
There seems to be a specific function for each 
protein that is separated and characterized 
The major functions of plasma proteins in- 
clude the maintenance of colloid osmotic 
pressure, pH and electrolyte balance, and the 
transport of metal ions, fatty acids, steroids, 
hormones, and drugs The proteins are m part 
available as a nutritional source of ammo acids 
for tissues There is an entire family of pro- 
teins related to hemostasis and the prevention 
of intravascular thrombosis There is another 
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system of proteins that is related to defense 
against infection The proteins with coenzy- 
matic function exist in inactive forms (proen- 
zymes) There are complex systems of activa- 
tors and inhibitors which turn the systems on 
and off as required 

Plasma proteins are of great interest in the 
study of evolution and phylogenetic relation- 
ships (Engle and Woods, 1960) In studies of 
the course of the evolution of vertebrates, it 
has been shown that cyclostomes lack hemo- 
globin and fail to produce 7 -globulms and cer- 
uloplasmin (Papermaster et al , 1962) Immu- 
nochemical procedures are now demonstrating 
that there may exist a high degree of genetic 
polymorphism of the plasma proteins in addi- 
tion to a congenital absence or decrease in sev- 
eral proteins These differences are used to 
great advantage by human geneticists in study 
of races and their inherited traits related to 
disease 

The biosynthesis and metabolism of the var- 
ious serum proteins is beyond the scope of this 
chapter These topics have been reviewed by 
Anker (1960) The techniques of separation, 
identification, purification, and characteri- 
zation of plasma proteins have progressed 
tremendously From the traditional salting out 
techniques, a whole series of chemical and 
physical techniques has been added, including 
electrophoresis, ultracentrifugation, combina- 
tion of cold, ethanol, pH and ionic concentra- 
tions, paper electrophoresis, gel and column 
electrophoresis in addition to new techniques 
that are being developed regularly Details are 
available (Neurath, 1965) 

Characteristics and Function of Impor- 
tant Plasma Proteins. A series of techniques 
has become exceptionally valuable in clinical 
medicine to characterize the normal pattern 
and variations in disease These techniques 
are 1 ) the Tiselius or free boundary electro- 
phoresis, 2 ) paper electrophoresis, 3 ) starch gel 
electrophoresis, and 4 ) Immunoelectrophoresis 
These are illustrated m Figure 4 1 
The amino acid composition of plasma pro- 
tein varies considerably (Putnam, 1960) The 
18 common ammo acids plus the 3 derivatives 
asparagine, glutamine, and cystine appear to 
be present in all proteins. The ammo acid 
and sequence determines primary 
The ^wmdary, tertiary, and quater- 
atpacture^, ^ t^ppnsible for function 
as traosport (0„,|6,Cu, etc.) and enzy- 


matic activity Disease is due to abnormal 
structure, e g , m sickle cell anemia 

There is considerable variation in the end 
groups and terminal sequences, all of which 
bear on structure, conformation, and the reac 
tivity of the protein and its function In addi 
tion, proteins contain substances other than 
amino acids, which will be discussed in more 
detail under the specific plasma proteins 

Serum Albumm. Albumin is m the greatest 
concentration, its obvious major functions are 
osmotic pressure control and transport Al- 
though albumin is considered to be a single 
homogeneous protein there is a rare hereditary 
condition in man called bisalbummemia in 
which two electrophoretically different forms 
are observed (Gitlin and Janeway, 1960) There 
is some variation in the estimate of the molec- 
ular weight of serum albumin An average 
value IS 65,000 

Albumm has a high content of basic and 
acidic groups and very little tryptophane Al- 
bumin has a free sulfhydryl group which com 
bines with cysteine or glutathione by a disul- 
fide linkage The reactive sulfhydryl group 
explains the capability of albumin to form 
dimers with divalent mercury or organic mer- 
curials This reactjye sulfhydryl plays an im- 
portant role in governing the properties of 
serum album ip 

Albumin, has a very strong affinity for anions 
and many other substances with which it can 
interact Albumm is the major plasma protein 
involved in the blood transport of anions, cat- 
ions, dyes, drugs (antibiotics, barbiturates, dig- 
itonin, salicyate, sulfonamides etc ), thyroxine, 
and some enzymes such as cholinesterase 

Glycoproteins (Mucoproteins). These pro- 
teins contain carbohydrate covalently bound 
Most contain hexose, hexosamine, and sialic 
acid but little uronic acid Glycoproteins are 
distributed throughout all of the globulin frac- 
tions Glycoproteins have a wide range in mo- 
lecular weight and carbohydrate concentration 
and some of the specific ones will be discussed 
separately Further details on these proteins 
are available (Neurath, 1965) 

Lipoproteins. These proteins are of consid- 
erable importance in lipid transport and me- 
tabolism They appear to be intimately related 
to arterial vascular disease They are separated 
by ultracentrifugal flotation methods They are 
easily denatured They are classified on the 
basis of their ultracentnfugal separation into 
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Fig 4 1 Schematic representation of the electrophoretic patterns of normal human serum m pH 8 6 buffer as ob- 
tained by four methods A) Tiselius or free boundary electrophoresis, B) paper electrophoresis, C) starch-gel electro- 
phoresis, and D) Immunoelectrophoresis The broad vertical arrow indicates the starting point in each case ^ ^ 
ulm remains m the starting slot in starch-gel electrophoresis but moves in the 7- to jS -range in other methods 
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low density lipoproteins and high density lipo- 
proteins The low density fractions contain a 
large amount of glycerides As the density in- 
creases, glycerides decrease, and cholesterol 
esters and phospholipid increase In cardiovas- 
cular disease, obesity and liver disease, these 
proteins are of growing importance 

Transferrin. Transferrin is a glycoprotein, 
molecular weight of roughly 90,000 It has the 
specific property of iron binding, in which each 
transferrin molecule combines with two atoms 
of ferric ion The combining is reversible It 
transports iron from the gastrointestinal tract 
to the bone marrow and tissue storage organs 
Transferrin is intimately related to the regula- 
tion and control of iron absorption Its concen- 
tration IS the limiting factor of iron absorption, 
thus playing a role in protection against iron 
intoxication Transferrin is colorless m the 
absence of iron and punk in its presence It has 
absorption maximum at 370 m/i and min- 
imum at 410 m/x 

There are numerous genetic variations of 
human serum transferrin The genetically de- 
termined polymorphism of human and pri- 
mate transferrins has been reviewed by Giblett 
(1962) There are 14 different molecular species 
of human transferrin characterized by starch- 
gel electrophoresis under specific conditions 
The phenotype transferrin C has a high fre- 
quency in all populations There are variants 
m the Chinese, American Indian tribes, C^ca- 
sians, Negroes, and other racial groups 

Haptoglobins. The haptoglobins constitute 
a family of glycoproteins which are found in 
the a-2 globulin fraction of many mammalian 
species and which have the capability of 
forming specific stable complexes with hemo- 
globin (Jayle and Boussier, 1954) Haptoglobin 
has two very important functions First, hap- 
toblobm binds free hemoglobin, thus pxe- 
ventmg loss of iron through tirinary excretion 
It is also believed to protect the kidney from 
damage by hemoglobin, and regulates the renal 
threshold for hemoglobin The clinical impor- 
tance IS described in Chapters 4 to 6 

There are also marked genetic poly- 
iporphism and racial differences m the hapto- 
globins (Giblett, 1962) 

Ceruloplasmin. This copper -binding pro- 
tein with oxidase activity was named cerulo- 
plasmin because of its blue color It is a glyco- 
protein present ip the a- 2 globulin fraction 
ttiat hrmly binds more than 90% of the serum 


copper The crystalline protein has a copper 
content of 0 34% with about 8 atoms of copper 
per mole of protein (molecular weight 150,000 
g ) The chemical and physical properties of 
ceruloplasmin have been described by Deutsch 
etal (1962) 

In Wilson’s disease (progressive hepatolen- 
ticular degeneration), there is a marked defi- 
ciency of ceruloplasmin The condition is in 
herited as an autosomal recessive trait The 
frequency of the abnormal gene is very low, it 
IS usually the result of consanguineous mar- 
riages The total plasma copper is remarkedly 
leduced, the ceruloplasmin concentration is 
very low and there is very high urinary copper 
excretion along with a high concentration m 
the liver 

Fetum. Fetuin is a protein found in the fe 
tuses and the newborn, first identified m the 
calf This protein has a molecular weight in 
the vicinity of 45,000 It has a high sialic acid 
content It is of great interest m cell prolifera- 
tion because it is a growth promoting require 
ment for mammalian cells in tissue culture 

Coagulation Factors. These will be dis- 
cussed m a Chapter 8 

The Immunoglobulins These will be dis- 
cussed m Chapter 10 

VARIATIONS IN PLASMA PROTEINS 

The protein fractions of plasma change in 
value independently of one another with or 
without alterations in the quantity of total 
protein In some diseases the albumin and 
globulin fractions may change in opposite 
directions In hemorrhage there is a loss of all 
of the fractions of plasma protein The initial 
restoration of blood volume is by the passage 
of a solution of low protein from tissue spaces 
into the blood stream, hence, the concentra- 
tion of all plasma proteins will be diminished 
In burns and various diseases of the gastro- 
intestinal tract, the total plasma protein con- 
tent IS reduced as a result of a leakage of blood 
and plasma from the denuded surface of the 
skin and into the tissues in the region of the 
burned area There may be greater loss of fluid 
than protein, and one may find an elevation in 
the protein concentration of the plasma Such 
also occurs in severe dehydration as a result of 
deprivation of water, or loss of water following 
excessive urine production as in diabetes in- 
sipidus 
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There ma\ be a reduction ol serum albumin 
in se\ere malnutrition chronic ii\er disease 
cirrhosis <i the li\er e\udati\e disease^ ot the 
gastrointestinal tract, and m severe nephrotic 
svndrome m which there is an excessive loss oi 
protein via the kidnev \s the plasma oncotic 
pressure is reduced because «jt a decrease in 
albumin concentration, there is a concomitant 
loss ol fluid into the tissues which mav pro- 
duce a decreased plasma volume Phvsioiogi- 
cally, there is a low plasma albumin in preg- 
nancv and in the neve born 

Plasma fibrinogen is made soleh in the 
liver H>polibrinogenemia is a rare congenital 
disease In certain diseases such as carcinoma 
of the prostate, and occasionalh following ex- 
tensive pulmonary and cardiac surgerv, there 
IS a marked decrease m fibrinogen concentra- 
tion associated with an increased fibnnolvsis 
This is most marked in disseminated intravas- 
cular coagulation which will be discussed in 
Chapter 8 Fibrinogen is increased in acute 
infections, malaria, tissue injury chronic infec- 
tion, and physiologically in pregnanev and 
menstruation WTienever there is an increase in 
fibrinogen or one introduces an asvmmetnc 
molecule into the blood (such as high molec- 
ular weight dextran), there is an increased 
erythrocyte sedimentation rate 

The 7 -globulm shows an absolute increase in 
sev eral diseases such as multiple myeloma, cir- 
rhosis of the liver, subacute veilow atroph> of 
the liver, acute hepatitis and nephritis, sys- 
temic lupus erythematosis, and in some acute 
and chronic infections 

THE BIOSYNTHESIS OF 
PLASMA PROTEINS 

Early in the embryo, plasma proteins are 
synthesized, the albumin fraction first As the 
blood vessels form, the embryonic plasma 
floats the primitive blood cells In the adult, it 
is established that the liver is the primary site 
of the production of plasma albumin and fi- 
brinogen also IS almost exclusively produced in 
the liver Their concentration in plasma is 
reduced following injury to the liver The lym- 
phoreticular system, and m particular the 
plasma cells, synthesize the entire spectrum of 
immunoglobulins It is easy to demonstrate the 
synthesis of immunoglobulins by lymphocytes 
and plasma cells of all degrees of maturity 
The removal of plasma proteins by plasma- 


pherehi^ ’’esuits ir a deirea^e m their concen- 
tration Lpon ce^'-dtion (jf the procedure the 
ccincentratiun increase^ quicklv towards nor- 
mal, «^uggebting a tissue reserve pool that can 
be moDil^zed quicklv This is followed bv a 
slower incrcd'-e to normal shfwving that an in- 
crea^^ed rate ot ^vnthe^.s has been induced 
The^e and other studies Liuiiirm that there is a 
dvnamic state (U oodv pu)tems with an equi- 
librium between production and destruction 
• Borsouk cind Keighlev 

The general concept that there is a dvnamic 
"tate of bodv constituent^ has been expenmen- 
tdllv demonstrated l Schc^enheimer 1942) In 
fact ail biological molecules with the probable 
exception ot in the nondwidmg cells 

I brain muscle, cells etc I are in a steadv state 
between svnthesis and degradation The meas- 
urement ot the turnover rates ot proteins and 
other biological substances is made p<jssible bv 
the labeling of precursors with stable or radio- 
active nuclides When a carbon- 14 or nitrogen- 
15 labeled ammo acid is introduced into an 
animal, its incorporation rate into diverse pro- 
teins can be measured Bv the transfusion of 
labeled pure proteins into intact animals one 
can measure the degradation rates From the 
mathematical analvsis of the data and the di- 
lution of the labeled material into the total 
bodv ‘'pools ” one can calculate the pool sizes 
and the amounts of material synthesized and 
degraded per unit time per kilogram ot body 
we^ht Details of these techniques are avail- 
able (Putnam, 1960) 

Proteins hav e a specific amino acid sequence 
and structure that is genetically controlled In 
the normal steady state, messenger RN\ is 
being formed at a steadv rate on the genomes 
that carry the code for the specific protein 
The messenger RNA flows into the cytoplasm 
where its message is read by the ribosomes and 
the required ammo acids are activated and 
brought to the ribosome by transfer RNA 
where each is incorporated into the polypep- 
tide m proper order \Mien there is a need fur 
accelerated protein synthesis for anv reason, it 
can be accomplished m principle bv a longer 
mean life span of the messenger RNA or an 
increased rate of messenger RNA svmthesis 


^ Whole blood is remov ed and centrifuged The 
supernatant plasma is throwm awav and the cells 
returned to the subject This procedure is called 
plasmapheresis 
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For details of this process see White, Handler, 
and Smith (1968) 

NONPROTEIN NITROGEN (N P N ) 

By the term, nonprotein nitrogen, is meant 
the nitrogen of those substances, e g , urea, 
uric acid, creatinine, etc , listed in Table 4 2 
They may be extracted from blood or plasma 
by treating either of these with a reagent, such 
as trichloracetic acid, which precipitates the 
proteins, and then by filtering and deter- 
mining the nitrogen in the filtrate These sub- 
stances are in part absorbed with, or derived 
from the food, and in part are the waste prod- 
ucts of tissue catabolism The total N P N of 
whole blood amounts to from 28 to 40 mg /lOO 
ml It constitutes from 1 to 2% of the total ni- 
trogen of the blood Its concentration in the 
cells is nearly double that in the plasma The 
proportions of the different constituents are 
given in Table 4 2 

The term, undetermined nitrogen, embraces 
the nitrogen of ammonia, purines, and other 
nonprotein substances of unknown or unde- 
fmed nature 

Pathological Variations. The N P N of 
blood at any given level represents the balance 
struck between nitrogenous materials formed 
m the intermediary metabolism of ingested 
and tissue protein and the excretion of these 
products in the urine In renal insufficiency, 


therefore, the nonprotem nitrogen is elevated, 
and in certain cases may be 10 times the 
normal On the other hand, a rise in the 
N P N occurs in conditions which are asso- 
ciated with excessive tissue catabolism, such 
as infections, fevers, thyrotoxicosis, starvation, 
or severe malnutrition It is also increased fol 
lowing hemorrhage into the stomach or upper 
intestinal tract In the later months of preg- 
nancy the N P N is reduced The reduction 
has been attributed to the diversion of ni- 
trogen to the growing fetus and the reduction 
of protein catabolism in the maternal tissues 
The chief conditions associated with an ele- 
vation of the N P N of the blood are adrenal 
insufficiency, dehydration, hemorrhage into 
the gastrointestinal tract, infectious fevers, 
lobar pneumonia, intestinal obstruction, para- 
thyroid intoxication (m animals), peritonitis, 
and renal insufficiency 


CHOLESTEROL 


This sterol is present in serum m the free 
form and as cholesterol esters It is carried in 
the /d-globulins, which contain almost all the 
lipoproteins The value for total serum chol- 
esterol exhibits wide ranges in the normal 
population, it varies from 100 to 250 mg per 


Table 4 2 


The nttrogen partition in the blood of normal individuals and the distribution of the various nitrogenous constitutents 
between the cells and serum 



Corpuscles 


Plasma 


Whole blood 


Maxi- 

mum 

Mini- 

mum 

Aver- 

age 

Maxi- 

mum 

Mini- 

mum 

Aver- 

age 

Maxi- 

mum 

Mini- Aver- 
mum age 


mg flOO ml 

mg flOO ml 

mg jlOO ml 


Taken from Wu 










Total nonprotem nitrogen 

61 

39 

49 

36 

20 

29 




UreaN 

22 

12 

17 

23 

13 

19 




Ammo acid N 

11 

8 

10 

8 

5 

6 




Uric acid 

4 

1 

2 

5 

2 

4 




Creatine 

8 

4 

6 

0 

0 

0 




Creatinine 

3 

16 

25 

15 

1 

12 




Undetermmed N 



19 



21 




Taken from Berglund 










Total nonprotem nitrogen 

55 

38 

44 

30 

18 

25 

39 

28 

32 

UmN 

13 

8 

10 

17 

10 

12 

15 

9 

12 

Ammo sold 

11 

7 

8 

6 

4 

5 

8 

6 

6 

Umle^^cmmed N 

34 

18 

25 

12 

2 

7 

18 

10 

14 


toai Peters Slyke, 1946 
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100 ml. The esterified cholesterol is about 72% 
of the total, and this ratio varies within a 
rather narrow range. Its concentration is in- 
creased in several diseases, notably in hypo- 
th>Toidism and lipid nephrosis and in some 


cases of atheromatosis. Keys et ah, (1956) 
found that within fairly wide limits (2 to 3 g. of 
cholesterol w*eekly) the content of the sterol in 
the diet exerted little effect upon the total 
serum cholesterol. 



2 / HEMOPOIESIS 


h Vita! Cell RenewaS System 


Introduction 

You are a pediatrician You have just seen a 
child with high fever, swollen glands, and a 
sore throat The parents believe she has a 
''strep throat ” You diagnose acute lympho- 
cytic leukemia This child will die within 
months to a few years The chemotherapy of 
leukemia, as well as the leukemia, will sup- 
press normal production of blood cells making 
the child susceptible to hemorrhage, infection, 
and anemia Before death, this child will re- 
quire antibiotics, transfusions of blood, plate- 
lets, and granulocytes There may be major 
problems with fluid and acid base balance To 
manage judiciously the treatment of this child, 
you must understand the stem cell, kinetics of 
hemopoiesis, fluid, and electrolyte balance 
Leukemia is a disease of the stem cell The 
family must be helped to protect the child 
from knowing life is limited You must make it 
possible, as long as possible, for the chil^ to 
play and go to school just as a well chil£ To 
do this, you must be able to impart your 
knowledge and concepts of the disease and its 
management to the parents They must par- 
take in the care of their child Without under- 
standing these can not be done Without un- 
derstanding of what is known, further progress 
in the treatment and eradication of this dread 
disease can not be made 


The term “cell renewal system” has been 
suggested as a general way of describing all of 
those body systems m which the cellular ele- 
ments are continuously being replaced (Le- 
blond and Walker, 1956) The steady-state cell 
renewal systems include not only the hemo- 
poietic cells, but also cells of the skin, gas- 
trointestinal tract, lining of the pulmonary 
system, and the testes These systems are to 
be coiitrasted with the relatively immortal 
Cells that are not replaced after completion of 
growth of the organ (central nervous system, 


cardiac, and skeletal muscle, etc ) and those 
organs and cell systems in which cellular pro 
hferation is triggered by injury (connective tis- 
sues, liver, kidney, etc ) 

Life depends upon hemopoiesis The red 
cells transport oxygen and carbon dioxide The 
neutrophilic granulocytes are a first line of 
defense against invasion by bacteria The 
platelets play a crucial role in preventing 
blood from oozing out of the vascular bed and 
are essential to staunch bleeding after injury 
The monocytes play a central role in cellular 
immunity agamst specific bacterial infections 
(tuberculosis, brucellosis, etc ) The lympho- 
reticular system (thymus, spleen, lymph nodes 
and their relation to the bone marrow) controls 
the synthesis of specific antibodies against 
bacterial and viral invaders and foreign tissue, 
and probably provides a surveillance mission 
to recognize harmful mutant cells (cancer, etc ) 
and initiate the measures to destroy these 
clones 

Our modern environment may expose man 
to ionizing radiation in industrial accidents, 
nuclear warfare, and m the course of treatment 
of cancer The major cause of death following 
overexposure to ionizing radiation is suppres- 
sion of blood cell formation with the concomi- 
tant increased susceptibility to infection, hem- 
orrhagic tendency, anemia, and a suppressed 
humoral immunity All of these alone or in 
combination may be lethal Aside from ion- 
izing radiation there are many industrial in- 
toxicants that can suppress or eradicate all or 
part of the blood cell production and produce 
death Regrettably, many of the drugs that are 
essential in the practice of medicine may sup- 
press the entire marrow production or selective 
cell production Lastly, there is a whole series 
of genetic diseases that result m abnormal 
function and production of red cells, granulo- 
cytes, platelets, or lymphocytes Many of 
these diseases are either markedly disabling or 
may result in death early in life 

A study of blood occupies a central role in 
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e\ abating the hazards of en\ir(>nment and 
new and old drugs used m the practice of med- 
icine Accordmgl>, the physician and phc^iolo- 
gist are concerned with the origin ot the blood 
cells and the mechanisms b\ which their or- 
derl\ deli\er> from their sites of manufacture 
to the peripheral blood is achieved and regu- 
lated It IS assumed that the reader xs familiar 
with the names and morphologv of the mature 
cells of the blood and of their immediate his- 
tologicall> -identified precursors 

ANATOMICAL SITES OF THE FORMATION 
OF THE BLOOD CELLS 

The bone marrow produces red ceils neutro- 
philic, eosinophilic and basophilic granulo- 
cytes, platelets, lymphocytes, and monocytes 
In late fetal life, blood cell production goes on 
throughout the bone marrow and also within 
the liver After birth, this function is limited 
largely to the bones With growth there is a 
progressive retreat of blood cell production 
from the distal ends of the long bones, such 
that m the adult human being, marrow prolif- 
eration usually occurs only in the skull, verte- 
brae, pelvis sternum, and the proximal ends 
of the long bones Under conditions of pro- 
longed increased demand as in chronic hemo- 
lytic anemias, however, blood formation may 
also return to all of the long bones, out into the 
fingers and toes, and may erode the cortical 
bone weakening it to the point that fracture 
may occur 

The lymphocytic-plasma series of cells is 
formed within the lymphoreticular system 
consisting of the thymus, spleen, lymph nodes, 
tonsils and Peyer’s patches, and within the 
bone marrow The interrelationships of the 
various segments of the lymphoreticular 
system will be considered m Chapter 10 

THE HEMOPOIETIC SYSTEM AS A CELL 
RENEWAL SYSTEM 

The presence of mitosis proves the produc- 
tion of cells within the hemopoietic tissues In 
the case of the red cell, the average life span 
has been determined with accuracy to be about 
120 days The minimum birth rate of cells can 
be expressed by the following equation 

__ , , Total number of red cells 

Minimum birth rate 

Mean life span 

It will be mcreased if there is any loss in the 


production line DetaJs on the production will 
be outlined in the i>ection on erv thropoiesis 

Ci es/s 

The functional ceils m the peripheral blood 
contain molecuiefe granules and structures 
which permit them to perform specific func- 
tions These functional cells are the descend- 
ants of progenitor ceils within the bone 
marrow which do not contain the molecules or 
structures characteristic of the mature cell 
The process bv which cells change and develop 
the capacity to carry out specific functions is 
called differentiation 

The next important difference between 
mature cells m the blood and their progenitors 
in the bone marrow is that the mature cells are 
incapable of mitosis while the progenitor ceils 
divide several times The process of blood for- 
mation consists therefore of two essential in- 
gredients 1) cell proliferation and 2} cell dif- 
ferentiation In Figure 4 2, a generalized model 
for the origin of blood cells is shown As the 
process of cell differentiation proceeds, the 


Exponential growth 
leading to large numbers 
of Differentioted cells 



MODEL OF THE ORIGIN OF BLOOD CELLS 

Fig 4 2 This is a schematic diagram of the relation- 
ship between stem cells and their differentiated descen- 
dants Each box represents a population of ceils At the 
top of the figure is a population of stem cells resting 
either in the Go state or in state of prolonged cell cycle 
Members of this population may pass into a different 
physiological state characterized by rapid proliferation 
Cells derived from this proliferation may either retain 
stem cell properties and return to the resting compart 
ment or may differentiate Many of the cells in the dif 
ferentiated compartment can divide several times but 
finally a state is reached m which cell division is no 
longer possible Cells m the proliferating compartments 
are growing exponentially so that the differentiated cells 
greatly outnumber the stem cells 
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capacity for cellular proliferation decreases 
The most primitive progenitors have extensive 
capacity for proliferation and are able to give 
rise to a large number of differentiated de- 
scendants These differentiated descendants 
have the capacity to fulfill specific functions 
but have lost the ability to renew themselves 
Between these two extremes are found the 
majority of the nucleated cells m the bone 
marrow These are the cells which have started 
on the course of differentiation, contain some 
of the features which will finally define them 
as functional elements, and are capable of a 
limited number of cell divisions These are 
likewise the cells the clinical hematologist rec- 
ognizes in blood smears obtained from bone 
marrow, and it is upon their numbers and 
characteristics that most clinical diagnoses are 
made 

The progenitor cells with almost unlimited 
capacity to proliferate and also to produce dif- 
ferentiated descendants are called “stem” 
cells The identity of these cells is subject to 
controversy Since the stem cells are not yet 
differentiated, they do not contain the specific 
cytological features by which they might be 
easily recognized Stem cells constitute a very 
small fraction of the cells of hemopoietic tis- 
sues Because they have extensive capacity for 
proliferation, they are greatly outnumbered by 
their differentiated descendants It has been 
estimated in the mouse that about one in 
every thousand cells of the bone marrow is a 
stem cell Controversy over the stem cell has 
centered around not only their identity, but 
also their capacity to give rise to one or more 
classes of differentiated descendants A vast 
literature, primarily polemics, based on mor- 
phological techniques as to whether there is a 
single stem cell for hemopoiesis or multiple 
cells in adult life exist (Bloom, 1938) Today as 
a result of the elegant studies of the Canadian 
investigators (Till et al , 1967, Wu et al , 1967, 
Wu et al , 1968, and Whang et al , 1963), it is 
known that stem cells with characteristic ab- 
normal karyotypes do differentiate into the 
erythropoietic, granulocytic, and lymphocytic 
Imes 

The identity of the stem cell remains ob- 
scure, In the past the existence of pure apla- 
sias of one cell type or another m human dis- 
use was used as an eirgument for the loss of 
sletn ceE for that particular line It seems 
vmm Itolfer mm dhat in aplasia either there is 


a loss of the specific inductor for differentia 
tion of that cell line by induction of the 
common stem cell, or the stem cell has mu 
tated so it can no longer respond Much is 
known about the stem cell Radiation protec 
tion studies have clearly shown that the 
common stem cell passes through the blood 
Yet, the only source for the common stem cell 
is the bone marrow The stem cell has been 
described, respectively, as a small, dense mon 
onuclear cell in the bone marrow, and as a 
small mononucleate d lymphocyte-like marrow 
cell not found m lymph nodes The stem cell is 
also believed to be a monocytoid cell in the 
blood (Tyler and Everett, 1966) Aside from 
the failure to have specific differentiated char- 
acteristics, it is probable that the stem cell’s 
appearance changes during its life cycle — pro- 
ceeding from the resting to the active, prolifer- 
ating state Since cells double their mass, their 
size does change To double the mass requires 
all of the protein synthesizing machinery [ribo- 
somes, messenger ribonucleic acid (mRNA) 
and transfer ribonucleic acid (tRNA)] to be 
synthesized and switched on along with the 
aerobic metabolic machinery (more mito- 
chondria) It seems logical, therefore, that 
stem cells may have a varying size and appear- 
ance as they go through their proliferative 
cycle 

Perhaps more conclusive than arguments 
from morphology are certain functional tests 
for the recognition of stem cells Two proper- 
ties have been described they are the capacity 
for almost unlimited self perpetuation, and the 
capacity to give rise to differentiated descend- 
ants Without unlimited self-perpetuation of 
stem cells, marrow function would eventually 
cease Stem cells must also be able to respond 
to the normal control mechanisms 

An old concept of the stem cell involves 
what has been called homoplastic and hetero- 
plastic hemopoiesis (Maximow and Bloom, 
1948) Homoplastic hemopoiesis is the process 
m the adult where the stem cell for granulo- 
cytopoiesis, erythropoiesis, and megakaryo- 
cytopoiesis is the youngest member of the se- 
nes and perpetuates itself, thus providing cells 
which go through a limited number of mitoses 
Under physiological conditions requirements 
are met by homoplastic hemopoiesis During 
embryonic and later growth, however, or in 
severe stress or m regeneration from aplasia, 
the requirements for each cell line are met by 
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heteroplastic hemopoiesis, a proce&s m which 
new er>throblasts and myeloblasts are sup- 
plied by a piunpotent stem cell (m the par- 
lance of Maximow, a hemocytoblast) This cell 
IS different from the type that m modern ter- 
minology IS designated by the term, com- 
mitted stem cell This latter term refers to a 
cell that responds to stimuli which increase 
production rate of a specific cell line but is 
unable to differentiate into ail cell lines upon 
transplantation into fatally irradiated animals 
The newer concept is that increased erythropo- 
lesis or granulopoiesis due to specific stimuli 
does not require an input from the piunpotent 
pool of stem cells, although the latter are re- 
sponsible for regeneration after aplasias or tor 
regneration upon transplantation into the fa- 
tally irradiated animal with aplastic marrow 

Before proceeding further with an analysis of 
cell proliferation m the hemopoietic system, it 
is necessary to look at the sequence of events 
that transpires between successive mitoses 

THE CELL CYCLE 

The cell cycle of mammalian cells is shown 
m Figure 4 3 Before a cell can divide and in- 
crease its number by one, the cell must pro- 
ceed through a senes of stages in which cell 
organelles, the genetic material [deoxyribo- 
nucleic acid (DNA)], enzymes, and structural 
proteins are doubled The crucial stage in the 
cell proliferation cycle is DNA synthesis (S) 
during which the chromosomes are replicated 
precisely so as to transmit all of the genetic 
information of the species to each of the 
daughter cells Following the S period another 
series of synthetic events takes place in which 
the mitotic apparatus is synthesized At mito- 
sis, the cells divide into two identical daugh- 
ters each of which carries the entire genetic 
information of the species The cells then enter 
a period called Gi, a metabolically active pe- 
riod durmg which enzymes, structural pro- 
teins, and cell organelles are synthesized ^ Evi- 
dence for this synthesis can be shown by the 
incorporation of labeled ammo acids It has 
been suggested that hemopoietic stem cells 
have the capacity to exist in a resting physio- 


CELL CYCLE OF MAMMALIAN CELLS 



Fig 4 3 A diagrammatic representation of the var- 
ious phases of the ceil cycle 


logical state named Gq Ceils are belie\ed to 
enter the Gq state alter mitosis This suggests 
that a collection of cells may consist of a 
number of cells that constitute a resting, non- 
dividing compartment and another number 
that represent a dividing compartment (Lajtha 
et al, 1962) Major advances in the stud\ of 
cell proliferation were the development of ra- 
dioacti\e tntiated thymidine (^HTdR), a spe- 
cific precursor of DNA and its use in study of 
mammalian cell proliferation (Hughes et al , 
1958) With it, the cohort of cells m DNA syn- 
thesis can be labeled and studied by a combi- 
nation of cytological and radioautographic*' 
techniques 

Since one can identify the total population 
by cytological criteria and the labeled popula- 
tion in S by radioautography, one can define 
an index of labeling (Ii) as 

h = NJN 

Ns = Number of labeled cells 

N = Total number of this cytological type 
It follows that 

li ~ t Jta 

ts = Average DNA synthesis time and 

= Average generation time or the time 
between sucessive mitoses 


^ The letter G stands for gap, in some literature R 
IS used representing a rest Since many metabolic 
activities are in progress throughout cell cycle, the 
notion of gaps before and after S indicating a time 
period when one sees neither S nor mitosis is prefer- 
able 


* Radioautography is a procedure in which a spec- 
imen containing a radiation-emittmg isotope is 
placed under a photographic emulsion in such a 
manner as to permit cells and organs to ‘'take'’ their 
own picture The labeled cell is recognized by black 
reduced silver grams overlying the cell 
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Similarly one can identify mitosis so that the 
index of mitosis (1^) is 

~ ^mI^G 

where Nm = Number in mitosis Therefore, the 
ratio of 1 1 Im is 

= ^s/^M 

By serial sampling of cells after the adminis- 
tration of ^HTdR, one can observe the flow of 
labeled cells through mitosis This is illus- 
trated in Figure 4 4 for a cell cycle without 
variance and one with variance In the invar- 
iant system, for a period of time equal to Gz 
no mitotic figures will be labeled As the 
leading edge of the labeled cohort of cells en- 
ters mitosis, the fraction of labeled cells in 
mitosis will increase, after a time equal to 
duration of mitosis 100% of the mitoses will be 
labeled The percentage will remain at 100% 
until the leading edge of unlabeled cells that 
were in Gi enters mitosis, at which time the 
percentage of labeled mitoses will decrease 



Fig 4 4 7) a schematic illustration of the flow of la- 
beled cells through mitosis showing changes in the frac- 
tion of labeled mitosis in a self-perpetuating cell system in 
which there is no variation to phases in the cell cycle 
2) the introduction of biological variability introduces a 
rounding out of the curves with an ultimate modulation 
to the ratio of the DNA synthesis time to generative 
cyole timer 3) shows the flow of labeled myelocytes of 
hwhan bone marrow through mitosis from which an aver- 
CH4A synthesis time of 1 2 hr is deduced 


and after a period of time equal to the mitotic 
time fall to zero If the various subdivisions of 
the generative cycle were invariant in a stem 
cell system there would be repetitive waves as 
shown in top of Figure 4 4a In real life a van 
ance does occur in all biological systems, in 
eluding in duration of the subdivisions of the 
generative cycle This produces a rounding out 
of the ascending and descending curves, and 
ultimately the fraction of mitoses that are la- 
beled is modulated out to the ratio of the time 
for the synthesis (ts) to the time of the genera 
tive cycle {to) as shown in the middle of Figure 
4 46 In the bottom of Figure 4 4c is shown an 
actual example of human granulocytic precur 
sors flowing through mitosis From an an anal- 
ysis of these curves one can in principle esti- 
mate the duration of G 2 , M, S, and the gener- 
ative cycle The ascending curve represents the 
range in the sum of G 2 -h M The time be- 
tween the 50% point on the ascending curve 
and the descending curve approximates the 
average DNA synthesis time if the variation in 
time conforms to a Gaussian distribution 
As discussed earlier, there is a reason to be- 
lieve that the stem cells can be divided into Go, 
a nondividing class, and the cells in cycle 
This situation is illustrated in Figure 4 5 For 
arithmetic simplicity, half of the population is 
considered proliferating (D) and half nonprolif- 
erating (ND) The index of labeling of the en- 
tire population will be equal to the area in syn- 
thesis divided by the area of the nondividing 


CYTOLOGIC CLASS AFTER t, 



Fig 4 5 Hypothetical cytological compartment con 
sisting of a combination of proliferating cells and non 
proliferating cells in transit through the compartment 
showing the means of determining the fraction of cells 
that IS proliferating 
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plus the di\idini{ population^ li (voe look^ f,nK 
at the cohort ot labeled cellN 111011112 ; th’^ouith 
mitosis after the minimum duration oi (] , - 
yi the traction ot labeled mdotic ^'sures uul 
rise prompth to 100^ and remain the»-e unt i 
the unlabeled cells that \cere in /, arrice 
Then alter an intercal euual to M the traction 
will fall to zero In a s\stem wdh \anance m 
each subdiMsion of the £teneiati\e c\cle the 
traction ot mitotic litres that are labeled 
would ultimatel\ become modulated to a con- 
stant \alue equal to the ratio of the DXA >\n- 
thesis time (fs) to the ^eneratice time itrj after 
an mter\ai (td, which is the lime it takes tor 
the index ot labeling to become a constant At 
this time the ot the dicidmg class under the 
conditions established would equal (1 5 Arith- 
metically it can be shown that the traction ot 
cells that is dividing is equal to the Ii ot the 
total class divided by the traction ot the mi- 
toses labeled (Ilm) after Therefore one can 
calculate the fraction ot cells that are in Go 
(Mendelsohn, 1963, Cronkite, 1964a) Another 
technique to determine the fraction of cells in 
cycle IS the radioactive thymidine ‘suicide” 
technique (Bruce and Meeker 1965) Enough 
radioactive thymidine is given to kill those 
cells m S that are incorporating the ^HTdR 
This technique has shown that about 15T of 
stem cells in the mouse are in DNA s>nthesis 
However, upon transplantation of the sur- 
viving Go cells into a fatallv irradiated mouse, 
the Gq stem ceils rapidlv enter cycle prolifer- 
ate, differentiate, and restore the bone 
marrow^ 

CONCEPT OF PROLIFERATION IN THE 
STEM CELL POOL 

The stem cell pool has been visualized as a 
cvtological compartment with autonomous 
proliferation in which the dividing population 
doubles with each generation so that the fol- 
lowing equation describes the growth (Johnson, 
1961) 

N = Na 2^^^ = No 

and the growth constant ( X) 

X = 0 693/fGor 

N ^ 

where 

tc, = generation time 

t ^ time from to to 


* t rrt ^erenUums (<r iiiituscs inl 

o \ c* ‘ \ 

the gnjwth rate in an expanding population or 
the number ot celK produced ner unit time 
li from death diflerentiation the rate of 
removal from the expanding population is 
X N then the net rate ot change is 

±\:dt ^ \V - AA 

and in the steadv state i‘' zero 

It there is a demand tor mure stem cells to 
be diiterentiated into functional lines to com- 
pensate tor hemorrhage or a need for more 
granuiocvtes to fight infection the demand 
can be met bv a reduction in h. This increases 
X and tjtf, the number of mitoses tn) v\hich 
may take place in the same interval it) and 
thus multiplies the output of stem cells The 
same result can be accomplished bv a shitting 
ot more Go ceils into cvcle thus increasing A 
and with same h the dN/dt increases In ei- 
ther case there will be more ceils m cycle and 
the number ot stem cells susceptible to agents 
that kill in S will be increased Such has been 
observed when the marrow is stressed or when 
marrow is transplanted into an animal that 
has an aplastic bone marrow trom prior irra- 
diation 

If there is not an increased rate of differen- 
tiation or death this stem cell compartment 
will increase in size Something comparable to 
the latter mav be occurring in leukemia 
If kiN exceeds \N and the stem cell com- 
partment does not sense the need for more 
stem cells the svstem will soon become ex- 
hausted — a situation which may resemble 
some hypoplastic marrow states 

In this mathematical model one can visu- 
alize considerable flexibility, providing that 
the stem cell pool is ‘size conscious ” Fol- 
lowing an unexpected dram of cells by differ- 
entiation one can imagine that the remainder 
may not be susceptible to differentiation until 
the size is restored by proliferation and resto- 
ration of the Go population This implies that 
differentiation probably takes place from the 
Go population The temporary restriction of no 
differentiation with the same or shorter gener- 
ation tune will permit the Go fraction of the 
stem cell pool rapidly to rebound In fact, one 
might conceive of its rebounding to larger than 
the normal size befoie it is modulated back to 
preperturbation size In fact, such has been 
observed experimentally by Lajtha et al (1969) 
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PROLIFERATING POOL OF 
DIFFERENTIATED CELLS 

The flow of cells is illustrated schematically 
m Figure 4 2 The structure of a proliferating 
differentiated compartment is shown in more 
detail in Figure 4 6 The mam characteristic 
that is imparted to a differentiated pool is 
multiplication but inability for self perpetua- 
tion If the input fails, the compartment van- 
ishes as maturation continues (The compart- 
ment IS defined in terms of cytoplasmic and 
nuclear structure ) Cells may divide within the 
cytological compartment one or more times, or 
may be in transit through it while maturing 
The mitosis that is seen in some cells shows 
that division does occur within the compart- 
ment Since “flash labeling” by ®HTdR is ob- 
served, some cells spend at least some of the 
time within the cytological phase in DNA syn- 
thesis There is no way to determine if all cells 
that enter a cytological phase divide within 
this phase one or more times, or if they divide 
at all Conceptual and mathematical problems 
concerned with compartment and intracom- 
partmental growth are discussed in detail else- 
where (Johnson, 1961, Killmann et al , 1962, 
and Quastler and Sherman, 1959) 

Within a cytological compartment, the 
boundaries of which can be determined by 
morphological criteria, one can observe the 
fraction of cells that are in mitosis and the 
fraction of cells m DNA synthesis If the 



Fig 4 6 Schematic presentation of a proliferating 
cytological compartment within the differentiated prolif- 
erating pool There is no capacity for self-perpetuation 
only multiplication Entering cells may cycle one or more 
Ijmes or proceed through only a part of the cell cycle 
?lepeirdlng upon the rate of maturation or time before they 
iresemhle , the neJct cytological class (From Quastler and 
ShafPfian. 18 ^ 9 ) 


boundary of a cytological compartment is ter- 
minated by mitosis, the following simple rela- 
tions pertain as shown earlier m this chapter 

IaT = ~ ts/tc 


and 


ImI^l = tm/ts 

If one can then determine in a system the 
index of mitosis and labeling and synthesis 
time, one can compute the time for mitosis 
and then substitute in the appropriate equa- 
tion for calculation of the time for generation 
In cell compartments where mitosis occurs 
between the cytological boundaries, the above 
simple relationships do not hold For a de- 
tailed discussion see Killmann et al , (1963) 

In steady-state catenated, proliferating cel- 
lular systems, one can determine the relative 
production rate of cells in each successive cy- 
tological compartment normalized to the rela- 
tive abundance of the most immature defin- 
able compartment The first step is the deter- 
mination of the proportional distribution of 
cells from the most immature to the most 
mature in the cell compartment by countmg 
and identifying enough bone marrow cells 
Next, from the “flash” labeling and mitotic 
index of each cytological compartment, one 
can determine the relative number of cells m 
DNA synthesis or mitosis In Figure 4 6, Kb, 
the flux of cells from a preceding compartment 
and the flux out of the compartment under 
consideration are represented by and Kout 
Kfj of the intracompartmental birthrate by 
mitotic division is equivalent to the number of 
cells in DNA synthesis (Ns), which in turn is 
equal to the fraction of cells labeled ih) times 
the relative number m the compartment (iV) 
divided by ts Thus, the outflow from the 
compartment (Kout) equals the birthrate 
within the compartment (Kb) plus the influx 
into the compartment, assuming that no death 
occurs within this compartment In these 
computations no assumption is made as to 
whether a cell dies within the compartment or 
leaves the compartment in some subdivision of 
the cycle An essential datum for these calcu- 
lations is the average time for DNA synthesis 
The method of obtammg this was shown ear- 
lier in the discussion m Figure 4 4, the average 
DNA synthesis time is approximated by the 
time between the 50% labeling of mitotic fig- 
ures on the ascending curve and 50% labeling 
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on the descending cur\e of labeled mitosis In 
Figure 4c, this time is about 12 hr for DNA 
s\nthesis in the granuloc\tic precursors of 
human bone marrow 

The next essential datum is the rate of re- 
placement of the nondwidmg compartment b> 
labeled cells flowing from the last dividing 
compartment This w'as showTs in principle m 
figure 4 6 From the slope of the increasing 
labeling index of the nondi\idmg compart- 
ment, one can estimate the a\erage turnover 
time of this compartment 

The following are clear for an\ compartment 
between the stem cell and the first nonproiif- 
eratmg compartment 

■?fom == FTjn -f- [Nm orsi/tjwr or S'] 

Where Kout equals the rate of leaving the com- 
partment, Kin equals the rate of entr>, Nm or s 
equals the number m mitosis or synthesis 
Therefore, 

NJt^j or 

= the mtracompartmental growth rate {Kb) 

The entire proliferating pool as showm in 
Figure 4 2 consists of a series of cytological 
phases If the stem cell input K^ is known, 
then the efflux Kent froni the terminal dividmg 
cytological phase can be expressed as follows 

Kout - 2« K,n - 2t/ta Kin 

Where t equals the sum of the cytological 
phase transit times, to equals generation time, 
and n equals the average number of mitoses of 
tltc 

FLOW THROUGH A NONDIVIDING 
STORAGE COMPARTMENT 

The rate of replacement of nondmding cells 
by labeled cells flowing from the proliferative 
compartment is a measure of the replacement 
rate A schematic example is shown m Figure 
4 7 As the labeled cells move into the nondi- 
viding cytologically identifiable compartment 
the h increases From the slope of this curve 
one can calculate the turnover time® of the 
nondividing compartment If unlabeled celb 


® Turnover tune is the tune it takes to replace a 
number of cells equal to the number ui the compart- 
ment at time zero This does not mean that every 
cell in the compartment at time zero m replaced, 
there may be stragglers NeverthelesSt a number 
equal to tb<w present are replaced 



• Cells labeled with ^H-TDR 
o Unlabled cells 



Fig 4 7 Schematic representation of the transition 
of cells from a proliferating poo! (PP) to an initially un- 
labeled nondtviding poo! (NDP) Open circles unlabeled 
cells Filled circles labeled cells 7 a From a certain time 
only labeled cells enter the subsequent compartment It 
IS assumed that the pools have identical turnover times 
{From Messner, et al 1969 ) 


were to make the transit with labeled cells the 
turnover time would be less and turno\er rate 
greater than estimated It is also evident that 
the turnover time for constant input rate is 
directly related to the size of the compartment 
that IS being replaced (Cronkite et ah, 1960a, 
Messner et al , 1969) For example, if 100 
cells/hr enter a compartment containing 100 
cells the turn over time is 1 hr — if the com- 
partment has 500 cells the turnover time is 5 
hr The reciprocal of the turnover time is the 
turnover rate m percentage or fraction per unit 
time, eg, 100%/hr or 20%/hr In the case of 
successive compartments of varying size 
flowing from one to another, the average turn- 
over time is proportional to the ratio of the 
sizes For example if three compartments, A, 
B, and C, vary In the ratio of 1*2:3 and the 
turnover time of A is 10 hr,, the turnover times 
of B and C are 20 and 30 hr., respectively. 
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LIFE SPAN AND TURNOVER STUDIES IN A 
FUNCTIONAL NONDIVIDING 
COMPARTMENT 

The classical method in hemopoiesis is to 
transfuse a known number of immunologically 
identifiable red cells into the blood, and by 
immunological differential agglutination tech- 
niques determine the time it takes for the 
transfused cells to disappear By this tech- 
nique Ashby (1919) established the mean life of 
the human red cell to be 120 days Several iso- 
topic techniques have been developed to study 
life span of red cells, granulocytes, lympho- 
cytes, and platelets and will be discussed in 
Chapters, 3, 7, 8, and 10 

Methods of Study of Hemopoietic 
Stem Cells 

It has long been known that one can trans- 
plant genetically identical bone marrow into 
an otherwise fatally irradiated animal whose 
bone marrow has been eradicated by large 
doses of ionizing radiation In these hosts, the 
transplanted cells proliferate and differentiate, 
providing the recipient animals with the func- 
tional cells necessary for their survival from 
radiation damage Marrow transplantation in 
mice has been used to obtain populations of 
hemopoietic cells, each derived from a single 
cell (Till and McCulloch, 1961) By analysing 
such clonal populations it is possible to ex- 
amine the properties of the cells of origin, and 
m this way to determine the extent to which 
such cells may be considered hemopoietic stem 
cells (Till et al , 1964) The technique used to 
obtain clones is as follows Heavily irradiated 
animals are injected with genetically identical 
bone marrow cells derived from healthy donor 
mice. After 9 to 14 days, the recipient animals 
are killed, and their spleens are found to con- 
tain discrete nodules, which, on histological 
examination prove to be colonies of prolifer- 
ating and differentiating hemopoietic cells 
Evidence that spleen colonies are clones was 
obtained by the use of the following experi- 
mental techniques (Becker et al , 1963) Recog- 
nizable and unique chromosomal abnormalities 
(inarkei^s) were induced by irradiation in some 
of the ceUs used to initiate the growth of colo- 
fdee* the colonies had developed, then 

^ qelis ^amined for markers In 

% particular marker was 
found in all of 


the dividing cells of that colony This provided 
excellent evidence that all of the cells of such a 
colony were derived from a single progenitor 
possessing this marker Enough colonies with 
markers were found to establish the proba 
bility that all or almost all spleen colonies are 
clones 

Analysis of clonal populations obtained by 
the spleen colony technique provides evidence 
that the cells from which the colonies grow are 
indeed stem cells First, after 10 days growth, 
spleen colonies contain more than a million 
cells, indicating their origin from cells with 
extensive proliferative capacity Second, 
spleen colonies have been shown to contain 
cells themselves capable of colony-formation, 
indicating that self-renewal has occurred 
Third, many spleen colonies contain recogniz 
able erythroblasts, granulocytes, and megakar 
yocytes, showing that the original cells could 
differentiate along these three lines Finally, 
the colony-forming efficiency of cells from the 
marrow and spleen of normal mice remains 
relatively constant during adult life, mdicatmg 
that cells capable of colony formation respond 
to homeostatic control mechanisms Thus, 
cells with colony-forming potential have the 
properties of stem cells, and it appears justifi 
able to refer to them as hemopoietic colony- 
forming stem cells 

Other assays for stem cells such as radi- 
oprotection, erythropoietic repopulation, gran- 
ulocyte response, marrow cellularity, erythro- 
poietin assay, autorepopulation, and m vitro 
colony assay are useful, and have been re- 
viewed by Lajtha (1970) and with his asso- 
ciates, (1969) 

CHROMOSOMAL EVIDENCE FOR A 
COMMON STEM CELL FOR 
ERYTHROPOIESIS G RANU LOCYTOPOIESIS 
AND PLATELET FORMATION 

The evidence given in the preceeding sec- 
tions shows that hemopoietic colony-forming 
stem cells have capacity to differentiate along 
erythrocytic, granulocytic, and megakaryocytic 
lines Evidence for stem cells in man with sim- 
ilar capacity for differentiation has been ob- 
tained from the study of chronic myelogenous 
leukemia In this condition, there is a great 
mcrease in bone marrow cell proliferation with 
the production of large numbers of granulo- 
cytic cells at various stages of development 
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Recentl\, techniques ha\e been demised v^tiich 
permit detailed stud\ of the chnimosome'^ nt 
mammalian cells i\o\\elI and Hun^ertord 
I960I The\ applied these techniques to the 
cells ot patients with chronic nneiostcnou^ ’eu- 
kemia and found a specific abnormal chromo- 
some in almost all these leukemic ceils The 
abnormal chromosome is usualK called the 
Philadelphia chromosome, after the cite m 
which it was first recognized WTiang et al 
(1963) have combined chromosomal anahsis 
with other functional tests, and found that the 
Philadelphia chromosome is present not onlv 
m the cells of the granulocvtic senes but also 
m the progenitors of ervthrocvtes, and certain 
large polypoid cells, almost certainly megakar- 
yocytes Because these reiativelv differentiated 
progenitors of red cells and platelets have onlv 
limited proliferative capacitv it was concluded 
that they are the partiailv -differentiated de- 
scendants of leukemic progenitors Since the 
Philadelphia chromosome, a specific marker, is 
found in granulocytic erv throev tic, and mega- 
karyoc>tic cells, but not in other dividing cells 
of the body, a single progenitor must possess 
the capacity to differentiate m these three dif- 
ferent directions The existence ot a plunpo- 
tent leukemic cell is strong evidence that there 
also exists a normal human stem cell with 
capacity for differentiation tow^ards erythrocy- 
tic, granulocytic, and megakaryocvtic path- 
ways These plus eanler discussions suggest 
that there is a pluripotent stem cell Com- 
mitted stem cells will be discussed m Chapters 
3 and 7 on erythropoiesis and granulopoiesis, 
respectively 

There are two clinical situations in which 
stem cell potential and kinetics are of major 
importance In genetically identical animals, it 
has been shown that bone marrow transplanta- 
tion will save the life of otherwise fatally irra- 
diated animals There are numerous drugs m 
addition to radiation that may produce bone 
marrow failure An example is aplastic anemia 
produced by the toxic effects of an antibiotic, 
chloramphenicol, which is used m therapy of 
some bacterial infections If aplastic anemia 
develops the patient is m danger of dying be- 
cause he lacks the class of stem cell which dif- 
ferentiates along erythrocytic, granulocytic, 
and megakaryocytic lines From animal exper- 
imentation, the physician knows that produc- 
tion of these cells can be re-established by 
transplantation of genetically identical bone 


marrow \et bcith animal and clinical studies 
show tnat in attempting such a transplanta- 
tion one also transplants cell with immunolog- 
ical capabilitv that will flourish, proliferate, 
and grow out ceils that recognizing the immu- 
nological difference of the host, will launch an 
immunological attack upon the patient This 
disease is called a * graft vs host reaction, 
and Will be discussed in more detail in the sec- 
tion on the Ivmphoreticular svstem ichap lOl 
It the recipient’s immanoli^gical svstem is like- 
wise funetitming, or becomes reestablished, it 
can then recognize and launch an immunolog- 
ical attack against the transplanted stem cells 
and bv rejecting the transplant thus defeat 
the purpose of the attempted therapv The 
tnck then is to transplant the common stem 
ceil so as to permit differentiation into ervth- 
ropoiesis, granulopoiesis and thrombopoiesis, 
but to suppress simultaneousK its differentia- 
tion into immunologicaliv competent cells that 
attack the host Furthermore the reaction of 
the host s immunological svstem against the 
foreign transplanted ceils which will reject the 
life saving graft must also be suppressed To 
attain ail of these objectives at the same time 
IS extremelv difficult Nevertheless, major ef- 
forts are now underway in attempts to trans- 
plant bone marrow and immunologicaliv com- 
petent cells as a means of treating otherwise 
fatal diseases of man 

The other situation m which stem cell po- 
tential and kinetics is vital is m the chemo- 
therapy of leukemia Al! of the drugs used to 
treat leukemia are nonspecific and promis- 
cuously injure proliferating normal and leu- 
kemic cells If it were possible to put the 
normal stem cells into a more resistant phase 
of cell cycle during treatment there would be a 
greater probability of eradicating the leukemia 
without eliminating the stem cells required for 
life To date this has not been accomplished 
The apparent leukemic cures result from the 
fact that stem cells for normal hemopoiesis 
tend to recover more rapidly than the leu- 
kemic stem cells (shorter generation time m 
normal than leukemic stem cells), and thus 
may establish a relatively normal hemopoiesis 
for variable periods of time while the leukemic 
clones of cells are growing out again more 
slowly Further understanding of stem cell 
behavior and kinetics m man is essential for 
handling of several diseases of mapr impor- 
tance 
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Certain types of anemia in the mouse are 
genetically controlled. Detailed studies using 
the marrow transplantation technique of Till 
and McCulloch have shown that one inherited 
anemia is produced through deficient colony 
formation by stem cells, whereas, another in- 
herited trait is characterized by a situation in 


which the stem cells are normal but a host 
factor essential for the growth of its stem cells 
or normal transplanted stem cells is deficient 
(McCulloch et al, 1964). It is reasonable to 
expect that some of the fatal anemias of man 
will also prove to be genetically determined 
defects in stem cells or host factors. 
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A continual deliver} of oxvgen to the tissues 
IS essential for life This transport is accom- 
plished by hemoglobin, a respiratory pigment 
capable of accepting, transporting, and re- 
leasing oxygen to the tissues The hemoglobin 
IS enclosed within the red cell Serious diseases 
are produced by aberrations m the structure of 
hemoglobin, abnormalit} m the structure of 
the red cell envelope in which the hemoglobin 
IS enclosed, or abnormalities in the red cell 
assembly line Under normal circumstances in 
adult man, all blood cell production takes 
place inside of the bone marrow Nutrient ar- 
teries lead through the cortex of the bone and 
into the marrow cavity Within the cavity they 
branch into distributing arterioles, which m 
turn give rise to the sinusoidal bed The dif- 
fuse, fragile, sinusoidal bed coalesces into a 
central vein that proceeds to a foramen and 
exits from the bone The sinuses form a system 
of vessels running radially from the periphery 
toward the central longitudinal vein flemato- 
poietic tissue lies between the sinuses The 
fully formed sinusoidal wall is trilaminar and 
consists of an endothelial lining cell, basement 
membrane and adventitial cells In areas there 
may be only the lining endothelial cell Some- 
times the wall IS bilaminar consistmg only of 
lining cell and basement membrane, or lining 
cell and adventitial cell These latter cells may 
be phagocytic They also contain fat droplets 
and may accumulate large deposits of fat char- 
acteristic of fatty marrow By electron micros- 
copy, it IS seen that cells proliferate outside of 
the sinusoids, and megakaryocytes can be seen 
to discharge platelets through mural apertures 
In some places large segments of the sinus wall 
may become attenuated, pierced by apertures 
Normoblasts, reticulocytes, and granulocytic 
leukocytes enter the circulation by passing 
ipto a smus; they may pass through existing 
apertures or create an aperture by prying 
into i s|Lnus wall A segment of Ihe sinus wall 
may disappear permitting extravasoilar cells 


to exude into the circulation It is believed 
that the sinuses and extrasmusoidal cords form 
a s}stem wherein portions become \ascular or 
extravascular depending upon the require- 
ments for hematopoiesis The blood flow is 
regulated through the arterioles and delwer} of 
cells to the blood i Weiss, 1965) 

Ervthropoiesis is one of the better under- 
stood ceil renewal systems of man There is a 
clearly defined flow of cells from the primitixe, 
common stem cell to the mature red cell in the 
blood (see Fig 4 8) In the past, the accepted 
concept demanded an undifferentiated stem 
ceil pool which is acted upon by erythropoie- 
tin, a specific inductor that directs stem cells 
irreversibly down the erythropoietic pathway 
(see below) In recent vears, how^ever, evidence 
has accumulated indicating that there are two 
functional, if not morphological levels of stem 
cells (see Fig 4 9) One stem cell is plunpotent 
(not sensitive to erythropoietm), and one is 
committed to erythropoiesis and is responsive 
to erythropoietin This dual notion is similar 
to the very old concept that there may be 
homoplastic hemopoiesis, the production of 
mature cells by young elements of the same 
type, and also heteroplastic hemopoiesis, when 
m creased demands are met by mcreased pro- 
duction from the common plunpotent stem 
cell (Maximow and Bloom, 1948) The com- 
mitted stem cell has been shown to be pre- 
dominantly in a proliferative cycle, whereas, 
the plunpotent stem ceil is mainly m a resting 
stage (Go) as would have been expected by 
Maximow and Bloom This newer concept is 
denved from studies m which agents that de- 
stroy cells m deoxyribonucleic acid (DNA) 
synthesis (hydroxyurea and tntiated thymi- 
dine, ^HTdR) were used* Administration of 
these materials drastically reduced the number 
of cells capable of responding to ei^fhxopoie- 
tin, but did not significantly influence the 
transplantability of undifferentiated colony 
formmg stem cells and thm ability to restore 
all lines of hematopoiwis (Mom et aL, 19®, 
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Fig 4 8 Schematic presentation of flow of cells from 
the common stem cell through the proliferating and non- 
proliferating cells to ultimate death by senescence Al- 
leged points of action of erythropoietin are indicated 
(From Cronkite 1964 b) 


PLURIPOTENTIAL COMMITTED DIFFERENTIATED 

STEM CELL STEM CELL COMPARTMENT 



Fig 4 9 A schematic model of hematopoiesis Meg 
megakaryocytic MY myelocytic ERY erythropoietic 
Dashed line and cross indicate cell death (From Stohl- 
man 1 970 ) 

bcove et al , 1970) (see chap 2) Although the 
factors regulating the pluripotent cell are 
fomlj understood, it has been clear that these 
iQah circulate m the blood stream under 
mi Cronkite, 1951). It has 
' ^hiripotent stem cells 

^th tissue stem 


cells and settle out and grow where there is a 
favorable microenvironment (Kretchmar et al , 
1970) To date, it appears that the pluripotent 
stem cells are not under humoral control A 
short range cell-to-cell type of interaction has 
been postulated as being the method of regu 
latmg proliferation and differentiation of pluri- 
potent cells This has been related to the histo- 
compatibility surface antigens and other fac 
tors (McCulloch and Till, 1970, Cudkowicz 
and Stimpfling, 1964) Whether these short 
range cell interactions are stimulatory or in- 
hibitory remains obscure The concept of the 
relationship between the pluripotent stem cell 
and committed stem cells in the differentiated 
cell lines is shown in Figure 4 9 It is not clear 
whether dedifferentiation of a committed stem 
cell back to the pluripotent cell is possible 
Erythropoietin has been postulated to decrease 
the cycle time at the expense of the Gi phase 
It might be pointed out here that as mecha- 
nisms for increasing the cell output, there are 
three possibilities 1) increasing the input of 
stem cells down the differentiated cell 
pathway with the same number of mitoses 
during the same period of time, this will in- 
crease the production rate in proportion to in- 
creased stem cell input and will require addi- 
tional space, 2) shortening the generative cycle 
with more mitoses in the same period of time, 
this will increase production rate in proportion 
to the additional number of mitoses, or 5) a 
combination of both (See Chapter 2 for dis- 
cussion of principles involved ) 

Upon entering the erythropoietic compart- 
ment, the stem cell rapidly assumes cytolog- 
ical characteristics of the differentiated line ^ 
As the cytological characteristics of the nu- 
cleus and cytoplasm change, the cells receive 
successively different names — proerythroblasts 
(El), large basophilic normoblasts (E2), small 
basophilic normoblasts (E3), polychromato- 
philic normoblasts (EJ, late nondividing nor- 
moblasts (E5), reticulocytes (Ee), and the 
erythrocyte (E7) Durmg the stages of Ei 
through E4, one can observe mitosis* and 
“flash” labeling of DNA by ^HTdR in a clearly 
defined fraction of each cytological class It is 
generally assumed and/or implied that each 
cell that enters erythropoiesis divides in each 
successive stage This has not been proved 


^See standard hematology atlases for descnp- 
tion of cell types 
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Table 4 3 

Relative production rates tn erythropoiesis 


Normoblastic 

Hemopoiesis 


El 

E, 

E3 

E, 

E 

'“r/h" 

Per Cent^' 

Subject I 


100 

217 

645 

1061 

3270 




1 / 

0 80 

0 86 

0 92 

0 55 


2 91 



N/ 

80 

187 

594 

584 





K,„' 

9 

615 

20 55 

66 25 

95 1 




K/ 

6 15 

14 40 

45 70 

44 90 






6 15 

20 55 

66 25 

HI 15 



85 5 

Subject II 

N 

100 

220 

305 

577 

1300 




II 

0 74 

0 78 

0 68 

0 56 


2 91 



N, 

74 

164 

208 

323 





K,„ 

9 

5 7 

18 3 

34 3 

38 0 




K. 

5 7 

12 6 

16 0 

24 8 





Eout 

5 7 

18 3 

34 3 

59 1 



64 5 

Subject III 

N 

100 

203 

300 

616 

1410 




II 

0 88 

0 81 

0 65 

0 52 


2 91 



Ns 

88 

165 

195 

320 





KinHl 

9 

68 

19 5 

34 5 

42 0 




K. 

68 

12 7 

15 0 

26 4 





Koul 

68 

19 5 

34 5 

59 1 



71 1 


Messner et al , 1969 

“ Hourly increment of labeled cells appearing m compartment 
* Percentage of EyK„ut E 4 
^ N, relative compartment size 
^ II, initial labeling index 

Ns,, number of cells m DNA synthesis, 1 e , ^HTdR labeled 
^ hourly rate of entry of cells into a compartment 
®Kb, hourly birth rate of cells within a compartment 
^Kout, hourly rate of exit of cells out of a compartment 


Some cells (as will be discussed later) may 
jump all the way from an Ei to an E4 or Eg 
without intervening mitoses 

At the level of Eg, mitosis and DNA syn- 
thesis are rarely if ever seen The switching off 
of cell proliferation is thought to be due to the 
increasing concentration of hemoglobin which, 
when it attains about 20%, is believed to su|i- 
press further cell cycling It is known that an 
equilibrium exists between the intranuclear 
and cytoplasmic hemoglobin through nuclear 
pores It IS plausible though not proved that 
the concentration of this specific protein in- 
hibits further cell proliferation (Stohlman, 
1970) Within about 9 hr after the cells cease 
cycling, the nucleus of the Es cell is ejected 
and the cell becomes a reticulocyte (Bond et 
al , 1962) 

Utilizing the principles described in Chapter 
2 , the relative production rates of red cell pre- 


curosors is shown in Table 4 3 In the calcula- 
tion of birth rates, a DNA synthesis time of 12 
hr was used (Stryckmans et al . 1966) The 
transit rate from E4 to Eg was determined by 
the movement of the labeled cells from the 
proliferating compartment into the first seg- 
ment of the nonproliferating compartment (see 
chap 2, Fig 4 6 for principles) In Table 4 3, 
the replacement rate of Eg by labeled E4 was 
2 91%/hr. for a maximum turnover time^ of 34 
hr If un labeled cells made the transit in paral- 
lel, the turnover rate would be faster and turn- 
over time shorter 

If the rate of entrance of cells into Eg, the 
first nondividing compartment, equals the rate 
of production of cells in E4, there is no loss of 
cells by death m the assembly line, if more 
cells are produced in E4 than appear in Eg, 


^Eeciprocal of turnover time is turnover mte. 
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there is a loss of cells These data show that 
there was an apparent loss between E4 and Eg 
of 15 to 35% (average of 25%) for the three in- 
dividuals This IS a very crude preliminary es- 
timate However, some ineffective erythropoi- 
esis would have been predicted (Finch, 1959) 
After loss of the nucleus, the cell is called a 
reticulocyte because it contains residual ribo- 
nucleic acid (RNA) (ribosomes, messenger and 
transfer) which stains with new methylene 
blue or brilliant cresyl blue and thus makes it 
possible to identify morphologically this cell 
type Reticulocytes mature to red cells m the 
peripheral blood with an average maturation 
time of 33 hr in vivo (Stryckmans et al , 1966) 
Further insight into the kinetics of red blood 
cell formation in man can be obtained by 
looking at the turnover of red cells If one as- 
sumes a red cell concentration of 5 x 
lOVmm ^ an average life span of 120 days and 
a blood volume of 6 9% of body weight, the 
turnover rate of red blood cells (RBC) m the 
blood (RTR) is 

RTR = Red cell per unit volume 

X blood vol /kg body weight 

RBC life span m days x 24 (1) 

= 5 X 10® X 10^ X 0 060 X 10V120 x 24 

= 12 X 10’ red cells/kg /hr 

Since data discussed earlier suggest a loss of 
25% of nucleated red cells m the assembly line, 
the estimated red cell precursor marrow pro- 
duction rate (RPR) is 

RPR = RTR/0 75 = 16 x lO’/kg /hr 

The total number of nucleated red cell pre- 
cursors has been measured (Donohue et al , 
1958), there are 53 x 10^ nucleated red cell 
precursors per kilogram By pooling data in 
Table 4 3, one finds that 0 43 of the nucleated 
red cells are in the proliferating pool (Ei to EJ 
Hence, this pool is 23 x 10® cells/kg The 
ratio of dividing erythropoietic precursors to 
dividing granulopoietic precursors is (2 3 2 6) 
or 0 88 The granulocyte turnover rate is blood 
is 6 8 X lO’/kg /hr. (chap 7) The ratio of these 
two turnover rates in the blood cells is 12 x 
10’ - 6 8 X 10’ or 1.76 This means that for 
each respective precursor about two red cells 
ate being destroyed in the blood for each gran- 
llboytd. Since there is an apparent loss of 
finthe in red cell pathway more than two 
are hiilng maAe* (It has been suggested by Patt 


and Maloney, (1964) that some are lost m 
myelopoiesis ) The erythropoietic machinery is 
producing cells faster, whereas, the granulo- 
poietic machinery appears to be throttled 
back 

The average II from the proliferating 
compartment is about 0 54 The average tg is 
roughly 22 hr The sum of tg, tc 2 and is 16 
(12 -h 3 -h 1) hr , hence, ta is about 6 hr 

As mentioned earlier, red cell production 
can be increased by 1) an increased number of 
mitoses in the same period of time between 
the stem cell and Eg, the nondividing com 
partment, 2) an increased flux of stem cells 
into the erythropoietic line, or 3) a combina 
tion of 1) and 2) A doubling of stem cell input 
of each additional mitosis doubles the output 
and doubles the space required for erythropoi- 
esis within a rigid bony box if transit time 
remains the same The space can come from 
encroachment on other cell lines, sinusoids, 
and yellow fatty marrow If the generation or 
transit times decrease, space occupied by the 
erythroid marrow will dimmish and so permit 
an increased stem cell input or increased 
number of mitoses m the same space with a 
consequent increase in red cell output Chronic 
blood loss or chronic hemolysis is compensated 
by an obvious increase in the size of the eryth- 
roid marrow, and red cell turnover rates six 
times normal have been observed 

If erythroid generation time can be short- 
ened at expense of Gi and if there are roughly 
four sequential mitoses, there is a possibility, 
at least m principle, that the marrow could 
accommodate another mitosis so as to double 
the erythrocyte output Further increases 
would require an increased stem cell input and 
more marrow space 

If there were more extensive comparable 
data on absolute cellularity of the bone 
marrow and the fraction in DNA synthesis, 
one could estimate by principles elaborated in 
Chapter 2 the “steady-state” stem cell influx 
into erythropoiesis, the average number of 
mitoses from the stem cell to Eg, and the av- 
erage transit time from the stem cell to Eg 
Preliminary estimates suggest an average of 
2 27 mitoses and an mput of stem cells of 3 3 
X 10 ’/kg /hr It IS believed that a small frac- 
tion of El or E2 may proceed directly to the 
nondividing pool (Alpen and Cranmore, 1959), 
a notion also described as “skipping mitoses,” 
which IS believed to be more frequent when 
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er\thropoiesis is stre^^sed iStc^hlman, 
llieir observations and the lailure to compute 
d whole integer for the nuirDer oi mitoses 
gest that cells divide a variable number ut 
tunes alter commencing cioun the ervthroDoi- 
etiC pathwav — a notion me « insistent with most 
diagrams for hemopoiesis which show a nuto^is 
at each stage of hemopoietic development The 
presence of mitoses or DNA svnthesis unK 
demonstrates that cells can divide or com- 
mence replication at that stage but does not 
prove that the> do m fact divide (Killmann et 
al , (1963) An extra mitosis will double output 
only li each cell divides an additional time It 
a significant number of cells proceeds from E. 
to Eg without this or with even fewer divisions 
the total output will not be doubled 

Emphasis has been placed upon the func- 
tional study of the stem cell, ana upon the 
measurement of er>thropoiesis bv labeling 
cells with ^HTdR while thev are m DNA svn- 
thesis and observing their subsequent flow as 
described earlier There are many other wavs 
of examining er>thropoiesis For example, 
most of the iron used in hemoglobin synthesis 
IS incorporated into the cell at the Ei and E2 
stage If radioactive iron is used as an in vivo 
label, gram counts can be made b\ radioautog- 
raphy of cells that are young, and then subse- 
quently of ceils m the later stages Each mi- 
totic division decreases the gram count of a 
labeled cell by one-half Approximately three 
mitotic divisions with a generation time of 
about 20 hr occur during the transit from an 
El to and E4 cell (Alpen and Cranmore, 1959) 
However, some cells apparently jump from Ej 
to Eg without further mitosis 

The preceding discussion and calculations 
are based on very few observations and prob- 
ably have a large error The examples serve to 
show principles involved and approaches to an 
understanding of a complex cell renewal 
system Further observations may change con- 
siderably the actual values for the time param- 
eters of the cell cycle and the cell fluxes 

REGULATION OF ERYTHROPOIESIS 

Thejeo[i^E2IL3® a term used to indicate the 
combined mass of immature red cells within 
the bone marrow and mature cells in the blood 
(Castle and Minot, 1936) 'Under conditions of 
health, the erythron is maintained quite con- 
stant However, it is very responsive to 


changes in owgen tension hemorrhage, hemol- 
VMS and disease^ It was predicted bv Paul 
Bert m that high altitudes or low oxvgen 
tens on wf)uld demand a comoensation in the 
mas^ {;f hemoglobin in oraer to transport more 
oxvgen This orediction was lulfilled and viv- 
idiv observed m the striking effects upon the 
concentration ol red cells in human beings 
living at high aititides such as in the Peruvian 
Andes f>r the Himalavan mountains The lirst 
convincing evidence that there was a sub- 
stance circulating m the blood that stimulated 
ervthropoiesis came irom the studies on para- 
biotic rats m which it was found that a similar 
degree of normoblastic hvperplasia and in- 
crease in the red cell mass occurred when one 
rat breathed air at atmospheric pressure and 
one breathed air with a low oxvgen tension 
(Reissmann, 195U) Clinical studies in patients 
with right to left flow through a patent ductus 
artenosis and consequentiv , with cyanosis and 
hvpoxia of the lower part of the bodv and 
normal oxvgen tension in the upper part of the 
bod>, have shown that the degree of erythropo- 
ietic hvperplasia in specimens of the bone 
marrow from the upper and lower part of the 
body are identical (Stohlman et al , 1964) 
These observations made untenable the hy- 
pothesis that Qxv gen _ alone directly ^ controls 
red cell production and produced verv strong 
evidence that as a result of h\ poxia there is a 
material produced that circulates in the blood 
and controls the rate of red ceil production 
The presence of a nondialv zable substance 
m the serum of rabbits rendered anemic by 
bleeding or made hypoxic by low oxygen ten- 
sion of the inspired air, a substance that causes 
reticulocyte responses and increases m nu- 
cleated red cells in the marrow when injected 
intravenously to normal homologous recipi- 
ents, was demonstrated by Erslev (1959) Ery~ 
thropoietm is now recognized as a glycoprotein 
hormone and to be an important regulator of 
erythropoiesis m mammals It is detectable in 
increased amounts m the body fluids of ani- 
mals subjected to various forms of hypoxia as 
well as m oxygen deficiency states in man 
Erythropoietin is involved m accelerating 
erythropoiesis m the panic states following 
massive hemorrhage or exposure to severe 
hypoxia as a result of high altitude, severe 
hemorrhage, hemolysis, or cardiopulmonary 
disease In addition, it presumably plays an 
essential role m the day-to-day replacement of 
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red cells The evidence for the twofold role is 
overwhelming Furthermore, hypertransfusion 
by red cells will almost completely suppress 
erythropoiesis 

The kidney has been established as a prin- 
ciple although not the exclusive site of produc- 
tion of erythropoietin Nephrectomy m ani- 
mals results m a marked diminution m the 
production of erythropoietin following the in- 
duction of anemia or low oxygen tension of the 
inspired air The failure to extract erythro- 
poietin from kidneys led investigators to deter- 
mine whether it was present in the form of a 
precursor It has now been shown that there is 
a factor, called renal erythropoietic factor 
(REF), which IS not related chemically to eryth- 
ropoietin (Gordon and Zanjani, 1970) This 
factor is capable of generating erythropoietin 
when incubated in vitro with normal serum It 
IS present in the mitochondrial fraction of 
kidney, hypotonic extracts of this fraction con- 
tains significant quantities of the material It 
IS now believed that the REF is an enzyme 
that cleaves a part of the serum substrate to 
produce functional erythropoietin The system 
appears to be analogous to the renin-angioten- 
sion mechanism 

Conceptually, the steady state can be de- 
scribed as in Figure 4 10 Starting with the 
blood compartment which transports oxygen, 
one can visualize that as the red cell mass 
diminishes the delivery of oxygen decreases 
and allows a tissue hypoxia to develop This 
results in secretion of the precursor of erythro- 
poietin and its activation by the renal erythro- 
poietic factor The active erythropoietin stimu- 
lates the committed stem cell compartment to 
proliferate, possibly decreases the generation 
lime of erythrocytic precursors and also accel- 
erates the synthesis of hemoglobin throughout 
the proliferating compartment There is a time 
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4.t0* A for erythropoiesis showing feed- 

pal^ttopship with penpberal blopd (From Stohiman 
4 ^ 70 ) 


delay of several days from differentiation 
through the maturation and proliferation com- 
partments to the reticulocyte and the appear- 
ance of the mature red cell in the peripheral 
blood Whether the disturbance in oxygen de- 
livery has occurred as a result of a decrease in 
the number of red cells, changes in the oxygen 
association curve or blood flow, there is a time 
delay before this disturbance can be corrected 
It can be argued that such a system, because of 
the long time delay, will tend to over correct 
and thus oscillate, the oscillation will have a 
period of twice the time delay In the case of 
erythropoiesis, however, because the lifespan of 
the red blood cell in the peripheral blood is 
much longer than the stem cell to red cell 
transit the oscillation will be damped, yet it 
can be detected by measuring oscillations of 
the reticulocyte count in the blood (Moreley 
and Stohiman, 1969) The preceding observa- 
tions show that erythropoiesis (and, in fact, all 
hemopoiesis as will be discussed in chap 7) is 
not a continual steady state in which produc- 
tion at any one moment equals destruction, 
but rather a controlled state of sustained oscil- 
lations in which the production and destruc- 
tion rates are equal when averaged over an in- 
terval equal to the duration of the cycle 

Red Cell Structure and Functions 

For many years the red cell was considered 
to be a nonliving cell that transports oxygen It 
is estimated that in its average 12 0 da y life 
span it travels 170 miles to deliver oxygen to 
the tissues The complexity of the red cell was 
greatly underestimated until relatively re- 
cently During its development in the marrow 
approximately 4 x 10® molecules of hemo- 
globin are synthesized comprising 95% of its 
dry weight and 30% of its wet weight The red 
cells transport about 250 ml of oxygen/min to 
the tissues in the average man in a basal state 
It has been estimated that the average blood 
cell spends about 1 78 sec in a pulmonary cap- 
illary and that the oxygenation takes place 
within about one-third of this time The total 
surface area of the circulating erythrocytes is 
1500 times the body surface (Harris, 1970) 

THE SIZE, SHAPE AND STRUCTURE OF 
THE RED CELL 

Human erythrocytes are biconcave, nonnu- 
cleated disks having a mean diameter of 7 2 
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pm 1 6 to 9 , see Fig 4 11) and a th.ckness 

at about 2 2 jum i 2 to 2 4 pm ) at the thickest 
part le near the circumlerence, and about 1 
pm at the center As a result ut osmotic 
changes and the consequent nassage of water 
into the cell the diameter increases with a 
shift in the acid-base balance of the blood to- 
ward the acid side The ceil is, therefore 
slight K larger in \enous than in arterial blood 
its diameter is increased bv about 0 5 pm in 
muscular exercise and is decreased b\ forced 
breathing The central portion of the ceil is 
much thinner than its edges which appear 
heaped up into a circumferential mound 
around a central depression This construction 
gives it a biconcave contour or a roughK 
dumbbell outline when \iew'ed edgewise <Fig 
4 11) The average area of a red cell is 120 
pm and the \olume 85 pm 
The biconca\ e disk is uniquelv suited for the 
transport of oxvgen A sphere has a surface 
that IS equidistant from the center, and also 
has the smallest surface area m relation to its 
mass A thin disk on the other hand presents 
an almost maximal surface area m relation to 
its bulk, and diffusion distances are shorter 
This form secures the ad\antages of equal and 
rapid diffusion of oxygen to its interior and a 
relatively large surface area for the absorption 
of the gas The biconcave form also gives the 
blood ceil a mechanical advantage, in that the 
changes m volume which the cell goes through 
from time to time can be accomplished wuth a 
minimal amount of tension being placed 
upon the cell membrane (Hartridge, 1920) 

The red cell consists of 71^o water, 28T 
hemoglobin, 7% lipid {cholesterol, lecithin, and 
others), and a 3% mixture of sugars, salt, en- 
zyme, protein, and glutathione The ultrastruc- 
ture of the red cell membrane is very complex 
The membrane is birefrmgent indicating a 
patterned molecular structure Electron mi- 
croscopy shows the surface of the human red 
cell to be covered by a layer of circular plaque- 
hke structures approximately 100 x 500 x 30 
A These plaques are believed to be related to 
channels or pores that allow for the ingress and 
egress of water and electrolytes The hydro- 
phobic groups of the plaques are projected 
outward and impart a very strong negative 
although not necessarily uniform charge to the 
surface of the cell Beneath the plaque, pro- 
teins are arranged in long fibrillar elements 
called elanm A, B, 0 and C, D, E antigens are 
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Fjg 4 11 Diagram showing dme'^sions of the red 

ce!! 


associated with the eianin fractions The 
membrane except ionallv well structured at 
the surtace and contains practicallv no hemo- 
globin Towards the center there is less order 
and the concentraticm of hemoglobin increases 
Knowledge of the structure of the red cell 
membiane is the result ut jO vears of electron 
microscopv, where the appearance of mem- 
branes at high resolutions is related to the 
methods used to obtain the pictures The new 
technique of 'Treeze cleaving’ electron micros- 
copv has permitted considerable progress m 
studv of the membranes of ceils Figure 4 12 
shows a concept of the red ceil structure as 
revealed bv this technique Note that the 
membrane associated particles mav extend 
through the full thickness of the membrane 
Although great progress has been made m 
studying the structure of the membrane chem- 
icailv and uitrastructurally, the relationship of 
structure to function is not clearlv demon- 
strated 

THE RED CELL AT WORK 

An amazing fact is that the red cell does no 
‘"work” in fulfilling its primarv function of 
oxygen and carbon dioxide transport Ox\gen 
and carbon dioxide are transported to hemo- 
globin by diffusion These vital transport func- 
tions are passive and do not require energy 
One may ask then, why does the red ceil con- 
tain the set of enz>mes necessary to carr> out 
anerobic carbohydrate metabolism and the 
hexosemonophosphate shunt"^ In addition, it 
possesses a wide spectrum of enzvme systems 
capable of directing the utilization of potential 
energy of the various high energy compounds 
that are produced This energy is presumably 
used to maintain the cell as a functioning unit 

Figure 4 13 shows the general metabolic 
pathways of adult erythrocytes Most of these 
enzymes are phosphate containing The inter- 
relations and the role of these enzymes is 
shown schematically The red cell retains only 
two carbohydrate pathways The energy for 
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Fig 412 Artist's concept of the alternative interpretations of the location of the A-Surface and B-Surface of red cell 
membranes demonstrated with freeze-cleaving Interpretation 1 shows the membrane-associated particles on the true outer 
{Face~A) and inner {Face-B) surfaces of the membrane The two surfaces face in opposite directions Interpretation 2 
shows the fracture entering the membrane and passing through its interior Face-A and Face-B point toward each other 
within the membrane (From Weinstein and McNutt 1970) 


maintammg cellular uitegnty and the high 
internal concentration of potassium, and for 
prevention of the oxidation of heme is pro- 
vided by these two pathways 
a) The Embden-Meyerhof pathway carries 
out, through a senes of phosphorylated inter- 
mediates, the anerobic conversion of glucose to 
lactate with the net production of potential 
epfOrgy m the form of two moles of adenosme 
triphosphate (ATP) fox each mole of glucose 
Tire ATP’s stored energy is essential for mam- 


taining the normal cation concentration and 
balance of the red cells Reduced diphospho- 
pyridine nucleotide (DPNH) is also produced 
m this pathway, it is essential for the function 
of methemoglobin reductase 

b) The phosphogluconate pathway oxidizes 1 
mole of glucose to carbon dioxide and water 
and produces 2 moles of a compound with a 
high reductive capacity, reduced triphospho- 
pyridine nucleotide (TPNH) Red cell survival 
m the circulation is related to the action of 
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Fig 4 13 Erythrocyte metabolic pathways m aduSt 
erythrocytes Asterisks indicate recognized hereditary 
enzyme deficiencies In the glycolytic pathway deficien- 
cies of pyruvate kinase triose phosphate isomerase and 
diphosphoglyceromutase are responsible for shortening 
cell survival In the oxidative pathway deficiencies of 
g!ucose-6-phosphate dehydrogenase glutathione reduc- 
tase or GSH Itself provide a liability to exogenous or 
endogenous oxidative stress and thus to acute hemoly- 
sis with oxidant drug exposure or if severe enough to 
chronic hemolysis without oxidant drug administration 
{From Simon et al 1 966 ) 


glutathione reductase upon thiols of the red 
cell membrane (see below) 

The glycolytic pathway utilizes about 10 
times as much glucose as the phosphoglu- 
conate shunt With aging of the adult red ceil 
m the circulation, the activity of some of the 
enzymes of both pathways declines along with 
the lipids of the red cell envelope Certain de- 
ficiencies m the red cell enzymes are inherited 
and may produce severe hemolytic anemias, 
sensitivity of red cells to drugs, and short life 
span of the red ceils It is beyond the scope of 
this chapter to go into details on the energy 
production and utilization m the red cell, but 
it seems to be reasonably well demonstrated 
that the energies developed are used for i) 


running the suaian^ and potassium pump to 
mamtam the plasma red ceil gradients 2} 
keeoing tne Oemuglobm m a functional state 
capable of re\er<ible deo\\genation, and dl 
maintaining the normal equilibrium between 
oxidized and reduced glutathione participation 
m the maintenance of a hpid turno\er and 
lunclions not \et described 
Abnormaiities in tne phosohogiuconate oxi- 
dative pathway are c!mica!!> important, even 
thougd only 10^ oi the glucose U'sed is metabo- 
lized via thi^ pathway Abnormalities m this 
shunt may ^e^ult in acute or chronic hemolytic 
anemia The exact mechanism is not known 
but It i> believed to be related to the function 
of this shunt m maintaining normal concentra- 
tions of thioi compounds m the red cell and its 
membrane One type of abnormality is a defi- 
ciency of glucose 6-phosphate dehydrogenase 
(G6PD), which may be present m as many as 
100,000 000 persons The most seyere of the 
hemolytic anemias are produced by drugs in 
mdiyiduals with G6PD deficiency In a few 
persons a chronic hemolysis may occur without 
prior drug sensitization 
An example of a seyere drug effect m G6PD 
deficiency is the condition that may occur m 
the treatment of malaria with Primaquine, 
where some mdiyiduals develop seyere acute 
hemolytic anemia Negroes are more suscep- 
tible to the hemolytic effect of this agent than 
white people The susceptibility resides m the 
subject's red cells, since following the transfu- 
sion of tagged red cells from a sensitiye subject 
into a nonsensitive subject, there occurs a 
striking reduction in their lifespan when Pri- 
maquine IS then given to the nonsensitiye re- 
cipient G6PD actiMty, reduced m the blood 
cells of Pnmaqume-sensitive individuals, is 
concerned with regeneration of TPNH and is 
required m the reduction of oxidized gluta- 
thione The glutathione level of sensitive cells 
is consistently lower than that of nonsensitive 
cells, and a rapid fall m the red cell gluta- 
thione level occurs in vivo when Primaquine is 
administered to sensitive individuals, but not 
when it IS given to insensitive persons 
Many other drugs may produce hemolysis m 
G6PD deficient individuals, rarely, even as- 
pirin The observation that the eating of fava 
beans produces severe hemolytic anemia m 
G6PD deficient Caucasians but not m Negroes 
shows that at least two different biochemical 
defects exists 
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THE RED CELL LIFE SPAN AND ITS 
MEASUREMENT 

The first reasonable estimate of the life span 
of the red cell was made by Ashby (1919) Her 
technique involved a transfusion of compatible 
but immunologically distinct red cells that 
could be identified by agglutination at regular 
intervals Techniques available now are the 
cohort labeling methods (glycine labeled with 
nitrogen-15, carbon-14, tritium or radioiron) 
and the random labels (immunological marker 
DF^T, tritium, carbon- 14, ®^Cr) The indirect 
methods of plasma radioiron clearance and red 
blood cell radioiron uptake, carbon monoxide 
excretion and bilirubin production are useful 
but more cumbersome (Berlin et al , 1959, 
Berk et al , 1970) 

The cohort method depends upon the la- 
beling of the red cell by biosynthetic incorpo- 
ration of a precursor into hemoglobin in the 
marrow This method has the requirement that 
the precursor’s specific activity must be de- 
creased rapidly by degradation so that there is 
essentially a “flash” labeling of the cohort of 
cells One can then observe these cells as they 
emerge from the marrow, live out their life 
span and die 

The random method involves the labeling of 
cells of the peripheral blood in vitro (irrespec- 
tive of their age), followed by autotransfusion 
and then regular estimates of their survival 
The indirect methods deduce the rate of 
synthesis of red cells by mathematical inter- 
pretation of iron kinetics or the rate of elimi- 
nation of hemoglobin catabolites such as CO 
and bile pigments (Berk et al , 1970) 

All of the methods for determining red cell 
survival depend on the assumption of a steady 
state equilibrium between entrance and exit of 
red cells from the blood The indirect methods 
are acutely sensitive to diversions from a 
steady-state equilibrium, and are applicable 
only when the total red cell mass is constant 
or where the rate of change of the total red cell 
volume is known , 

In Figure 4 14, examples of cohort and 
random labeling curves are shown The glycine 
cohort labeled curve discloses the emergence of 
labeled cells into the blood The specific ac- 
tivity rises to a maximum, and then falls very 
sl^owly for 3 to 4 months due to random loss, 
and then is terminated by a more rapid de- 
crease m a falling sigmoid curve that repre- 


NORMAL RED CELL LIFE SPAN 



Fig 4 14 The specific activity of red cells in normal 
subjects after labeling with glycine DFP or ^^Cr (From 
Berk et al 1 970 ) 


sents the integral of the frequency distribution 
of the individual red cell life spans (Shemin 
and Rittenberg, 1946) The midpoint on the 
descending curve signifies the mean life span 
It cells are being produced with a shortened 
life span, the curve is shifted to the left If 
there is a random destruction of cells as they 
emerge into the peripheral blood, one sees an 
immediate diminution in the concentration of 
the cohort labeled cells, only a small fraction 
survives to attain the mean life span of the 
normal red cells The DFP curve is similar to 
an Ashby curve and represents the disappear 
ance of a population of cells that is random is 
respect to their age from birth The older cells 
commence disappearing promptly, and there is 
a linear decline as cells age with the curve 
crossing the axis at approximately the mean 
life span of the red cell in the blood If there is 
a shortened life span, the curve will be linear 
with a steeper slope With random destruction 
there will be a curvilinear disappearance The 
^^Cr curve is curvilinear because there is a 
slow, steady elution of Cr from the labeled 
cell Although this complicates the interpreta- 
tion, ®‘Cr labeling with Na 2 '^Cr 04 is the tech- 
nique generally used clinically because of the 
simplicity of the procedures 

VARIATIONS IN SIZE SHAPE, NUMBER 
AND STRUCTURE OF RED CELLS 

Under physiological conditions, little change 
in shape of the red cell occurs although a few 
fragmented cells may be found in normal 
blood A slight change m volume, about 7 5% 
occurs due to osmotic changes incident to the 
respiratory cycle The red cells at birth and m 
early infancy are larger than in adult life This 
as well as the higher cell count is responsible 
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tor the high oacked cell \t)lunie ot the 

infant ^ blood 

In disease where the red cell n subject to 
man\ changes m size ^hape and structure 
examination of the blood and the ’dentifica- 
tion of the \arious forms of abnormal ceils 
an important means ernpioved m diagnosis oi 
the different anemias Onl\ the more out- 
standing abnormalities can be touched unon 
here An increase in the number of reticulo- 
cvtes ma\ be seen These \oung red cells re- 
semble the oridmarv cells in e\er\ wa\ except 
that after supravital staining I alcohol solution 
of brilliant cresvl blue added to blood in the 
fresh state) a fine reticulum ot basophilic ma- 
terial can be seen in the ectoplasm In normal 
blood, the reticulocctes are from 0 to 2^7 (ac 
0 8 '^f) of the total red cell count The\ are in- 
creased after hemorrhage at high altitudes, b\ 
exercise, and m pernicious anemia following 
specific treatment A rise in the reticulocvte 
count indicates an increased acticitv of the 
blood forming tissue — the bone marrow — 
which as a result of a specific stimulus turns 
out a larger number of young cells 

Shrinkage of the contents of the red cell 
(crenation) with wrinkling of its limiting mem- 
brane results from immersing the cells m a hy- 
pertonic solution In pernicious anemia, in par- 
ticular, the presence of cells of unequal sizes 
(anisocytosis) and of deformed outline {poikilo- 
cytosis) is common The poikilocytes may 
assume the most bizarre forms, mulberry, 
target, flask, or hammer shapes may appear 
Erythrocytes with a globular form (sphero- 
cytes) or of an eliptoid or crescentic shape 
[eliptocytes and sickle cells) are found in 
certain types of anemia In sickle cell anemia, 
the red cells contain an abnormal type of he- 
moglobin (Pauling et al , 1949) In the deoxy- 
genated form this is insoluble and forms crys- 
talline “tactoids” within the cell membrane 
Macrocytes and microcytes are terms denoting 
red cells of larger and smaller size, respec- 
tively In certain conditions, e g , lead poison- 
ing, fine dots of basophilic material appear 
throughout the cell, gnung it a stippled ap- 
pearance This abnormality is known as punc- 
tate basophilia In certain types of anemia, 
rings or twisted strands of basophilic material 
may be seen near the periphery of the cell 
These are derived from the nucleus and are 
known as Cabot’s rings At other times small 


nuclear iragment^ H 5 »well-Joll\ bodies are 

present in the c\toDiasm 

CLASSIFICATION ON BASIS OF RED CELL 
SIZE AND HEVIOGLOBIN CONTENT 

Mean^ Corpuscuhr Volume AMQXl This 
e\p»*esses the \olume oi the mdividuai led ceil 
in pm ^ < 1 mi - mean corpus- 

cular \<4ume lU um ^ is obtamed b\ dnidmg 
the \oiume oi packed cells expressed in 
ml 'liter b\ the red ceil count m 
millions 'mm le g 450/5 - 90 ^ni '^1 
Memias jnay be classified aeporduag. to the 
\ICV as maj^oc%tic lover 96l pormocytic (86 
to 96) and microcytipjunder 8 U) 

Mean corpuscular hemoglobin (MCH) is the 
hemoglobin per red ceil expressed m ppg i 10 - 

g ) This mav be obtained bv di\ idmg the 
hemoglobin per red ceil expressed in ppg 
n()~ g ) This may be obtained by dividing the 
The mean corpuscular hemoglobin may vary 
with the concentration of hemoglobin within 
the cell and with the volume of the cell 

Mean corpuscular hemoglobin concentration 
{MCHO IS the hemoglobin m g /lOO mi of 
blood divided bv the packed cell volume of 100 
ml expressed as a percentage e g 

(15/45) 100 = 

Above 30^c is normal (normochromic), below 
30^c IS hypochromic 

In Table 4 4, the normal values and standard 
errors of red cell dimensions are tabulated 
The hemoglobin is best determined by a evan- 
methemoglobin method The volume of the 

Table 4 4 

Normal values for red blood cells 


Males Females 


Red ceil count/mm ^ 

54 

:t: 08 

48 

:t: 06 

Hemoglobin (g /lOO ml ) 

16 0 

±20 

14 0 

:r 20 

Volume packed red cells 
Vc) 

Mean corpuscular volume 

47 0 

±70 

42 0 

±50 

87 

± 5 

87 

± 5 

MCV (/x^) 

Mean corpuscular hemo- 

29 

± 2 

29 

± 2 

globin MCH ( 77 ) 

Mean corpuscular concen- 

34 

± 2 

34 

± 2 


tration MCHC (T) 


From Wintrobe 1967 
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packed red blood cells is determined by centri- 
fuging blood to a constant volume of the red 
cells Variations m these indices are very 
useful m studying physiological processes that 
influence erythropoiesis, and also m the diag- 
nosis of disease In Figure 4 15 the frequency 
distribution of red cell volumes for normal and 
microcytic red cells is shown 
The red cell concentration m the past was 
counted microscopically by direct vision m a 
hemocytometer Determination of the size dis- 
tribution of red cells was a tedious microscopic 
procedure of measuring visually several 
hundred ceils on stained smears Electronic 
gating methods now determine the number 
and volume of particles rapidly and quickly, 
and may yield a graph of the size distribution 
within 100 sec (Brecher et al , 1962) In addi- 
tion, more sophisticated, automatic electronic 
methods determine hemoglobin and red count, 
and print out red cell constants 
Examples of abnormal red cells are shown in 
Figure 4 16 


Chronic hemolytic jaundice 
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HYPOCHROMIC MICROCYTIC ANEMIAS— 
IRON DEFICIENCY 

In this group of anemias the essential defect 
IS one of hemoglobm formation The hemo- 



Fig 415 Normalizatton of microcytic curve for 
estimate of coefficient of variation (anisocytosis) Note 
microcytic curve has slightly narrower base than normal 
oirve in routine run 1 e slightly smaller S D For estimate 
bf coefficsient of variation (C-V ) however peak must be 
dtrfted by changing amplification to coincide with normal 
In the present case, CV is rparkedly greater than 
as c;an be scan from the much broader base of 
’"rwmatwl"' a^rve iFfom Brecher et a I 1962 ) 


Fig 416 Red cell diameter thickness and volume in 
various clinical conditions compared with the normal D 
diameter T thickness V volume 


globm percentage of the blood is reduced to a 
greater extent than the number of red cells 
The latter, indeed, may show only a slight 
reduction The MCH is considerably below the 
normal, which means that each red cell has 
received less than its normal quota of pigment 
The erythrocytes are also smaller than normal, 
so the MCV is also low The low MCH is m 
part the result of the smaller size of the red 
cell but also of a reduced concentration of 
pigment throughout the red cell’s substance 
Some of the corpuscles are so pale that they 
either resemble “ghosts,” or only the periph- 
eral zone of the cell is colored (anisochromasia) 
Iron deficiency is the cause of almost all the 
anemias belonging to this class The deficiency 
may result from increased iron requirements 
coupled with either a relative or absolute inad- 
equacy of iron in the diet, or from defective 
absorption of the metal from the food Hy- 
pochromic anemia occurs most frequently m 
women of childbearmg age m whom the die- 
tary intake of iron is insufficient to meet their 
needs The anemia is aggravated by the losses 
of iron incident to menstruation or repeated 
pregnancies. In adult males the usual cause of 
this type of anemia is blood loss 
Anemia of Infants. The fetus accumulates a 
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store ot iron m the li\er in the later months oi 
gestation This serves as a reserve that is 
drawm upon for the manufacture of hemodobin 
in infancv The high red cell concentration 
With which the infant comes into the world 
also contributes to the iron reserves In the 
normal infant the iron stores are sufficient for 
the manufacture of hemoglobin for the first 6 
months or so Growth, however, makes heavv 
demands on the iron supplies, and after the 
first ^ 2 year it is necessary to prov ide a diet 
that contains adequate amounts of iron m 
order to guard against the development of 
hypochromic anemia Cowl's milk is verv poor 
m both iron and copper If the iron stores are 
deficient at birth as m premature infants or as 
a result of maternal anemia, anemia mav occur 
in the very young infant 

The hypochromic anemias respond in a 
spectacular fashion to the administration of 
inorganic iron (e g , ferrous sulphate or carbon- 
ate, etc ) The administration of copper is 
never necessary since this occurs m sufficient 
quantity in the diet and as an impurity in iron 
preparations 

PERNICIOUS ANEMIA (ADDISON S 
ANEMIA) AND RELATED 
MACROCYTIC ANEMIAS 

Pernicious anemia is due to a defect in the 
formation of the red blood cells Its chief fea- 
tures are 

1) There is a great reduction m the number 
of red cells and consequently in the hemo- 
globin percentage The red blood cell counts in 
a very severe case may be less than 10% of the 
normal 

2) The MCH is nevertheless elevated be- 
cause the numbers of the red cells is reduced 
to a greater extent than is the hemoglobin per- 
centage The MCHC is normal 

3) The cells are large, the average diameter 
of the cells being increased to between 8 and 9 
pm These large cells are called macrocytes 
The average volume of the individual red cells 
(Fig 4 16) IS about 135 pm ^ (normal about 90 
pm Normoblasts and earlier forms may be 
present in the circulation y A characteristic 
large nucleated cell containing basophilic ma- 
terial in its cytoplasm and little or no hemo- 
globin IS a feature of the bone marrow picture 
This cell, known as the megaloblast, differs 
chemically and morphologically from any cell 


of the normal erythrocyte senes found either 
in bone marrow or blood 

4f A great variation is found in the size of 
the cells — anisocytosis, the cells range from 
those smaller than normal to the large cells 
mentioned above Poihilocytes are markedlv 
increased m frequency 

5| There is an increase in iron and bilirubin 
of the plasma with increased excretion of 
pigment i urobilin, see below i The increase m 
plasma iron is due to its decreased utilization 
tor the formation of red cells The increased 
plasma bilirubin is the result of increased red 
ceil breakdown 

6) Achlorhydria almost always exists 

7) The tongue is sore and shiny, with 
atrophy of lingual papillae 

8) There may be a combined degeneration of 
the spinal cord 

9} There is an atrophy ot the mucosa of the 
fundus and body of the stomach 

In pernicious anemia the influx oi cells into 
Eg IS only 5 to 15% of the K^ut from E4 indi- 
cating a very marked death in the production 
line In addition, the rate of replacement of Eg 
by E4 cells is drastically reduced from 2 91% to 
0 3 to 1 67%/hr (Messner et al , 1969) An in- 
creased proportion oi E4 cells is found in G2 
(tetraploid DNA) and m ceils betw’een diploid 
and tetraploid that do not label with ^HTdR 
m vitro and hence are showm to have stopped 
DNA synthesis (Wickramasmghe et al 1968) 
The in vivo and in vitro studies quite clearly 
demonstrate an abortion of cells m the produc- 
tion line This assertion is substantiated by the 
observation that this ineffective type of mega- 
loblastic hemopoiesis declines for 2 to 2 5 
days after vitamin B 12 therapy during which it 
IS replaced by normal ery thropoiesis from the 
stem cell This interval sets perhaps a min- 
imum time of 2 days for normal transit from 
the stem cell to the normal reticulocyte (Hill- 
man et al , 1968) When ervthropoiesis m 
guinea pigs is suppressed by induction of poly- 
cythemia there remain almost no reticulocytes 
m marrow or blood When the animals are 
then bled to induce new ervthropoiesis, ap- 
proximately 2 5 days are required for transit 
from the ery thropoie tin-sensitive stem cell to 
the reticulocyte (Griffiths et al , 1970) 

The hematological aspects of this disease are 
cured by injections of vitamin B12 The pro- 
gression of neurological complications is 
stopped but not reversed The pathogenesis 
will be discussed later 
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[Red Ceil Dests'ycteorii. L^©[rmai atradl 

Atb'jiOB“irinal 

Under normal circumstances the red cells 
are subjected to trauma as they are deformed 
in passing through the capillary circulation 
For example, some of the splenic blood vessels 
may be only 3 ^m in diameter compared to 7 
pm for the red cell The capability of the red 
cell to undergo this deformation and return to 
the normal biconcave shape has been long ap- 
preciated Moreover, it can be deformed by 
relatively small forces The deformability and 
flexibility are exceptionally important in its 
physiological function Shear processes and 
deformation contribute to fragmentation of red 
cells Normal aging storage of red cells as in 
a blood bank, abnormalities in hemoglobin 
synthesis, sulfhydryl inhibitors, on inherited 
disorders of the membrane result in loss of in- 
trinsic membrane deformability, or may alter 
the shape or the rigidity of cellular contents 
Within the spleen the pH may decrease and 
the cell membrane become stiffer, and this 
increases the probability of the cell’s being 
removed from the circulation Alterations in 
. the deformability of red cells appears to be a 
common precursor to destruction m ail of the 
hemolytic anemias (LaCelle, 1970) 

The destruction of red cells may take place 
mtravascularly or extra vascularly In the case 
of intravascular hemolysis, the hemoglobin is 
liberated and is bound by the haptoglobin The 
more usual type of destruction of red cells is 
extravascular and results from some alteration 
in the red cell membrane that is recognized by 
the reticuloendothelial system and causes the 
abnormal cells to be removed as they go 
through the spleen, lymph nodes, and bone 
marrow The most striking removal is by the 
spleen 

The red cell defects that may lead to a short 
life because of cell removal may be due to an 
mtracorpuscular abnormality that may be in- 
herited or acquired Examples of the intracor- 
puscular abnormalities are hereditary sphero- 
cytosis, thalassemia, and hemoglobinopathies 
(aboitt 40 have been described) , sickel cell dis- 
ease IS a prime example Hereditary defects in 
carbohydrate metabolism also are important 
The ^xtracorpuscular abnormalities are usually 
antibody costing of red cells, this is 
teigasfusion reactions, erythroblastosis , 
hemolytic disease In 
addition, there is toxic non;immunological 


hemolysis by phenylhydrazme, surface active 
compounds, heavy metals, infectious agents 
that produce hemolysins such as Clostridium 
welchii, malaria, other chronic infections, and 
malignancies There also may be combinations 
of mtracorpuscular and extracorpus cular ab 
normalities 

STRUCTURE OF THE SPLEEN RELATED TO 
REMOVAL OF AGING AND ABNORMAL 
RED CELLS 

The first important fact about the spleen is 
that IS constitutes a very large filtration bed 
In the normal adult about 2 liters of blood per 
minute pass through the spleen The structure 
of the organ is ideal for the detection and re- 
moval of abnormal or nondeformable cells 
(Fig 4 17) The splenic artery breaks up into 
trabecular arteries which continue to divide 
and penetrate into the parenchyma of the 
spleen Branches of a trabecular artery enter 
the white pulp of the spleen The dense white 
pulp consists of a network of loose reticular 
connective tissue whose interstices are packed 
with small lymphocytes and other cells This 
condensation of lymphocytes around the cen- 
tral arteriole is called the periarterial lym- 
phatic sheath Some tiny branches of a central 
arteriole penetrate into and end in the lym- 
phatic sheath However, most of the arteriolar 
branches penetrate through the sheath and 
terminate in the marginal zone or may con- 
tinue into the red pulp In some areas there 
will be Malpighian corpuscles, these are pro- 
duced by immunological stimulation and are 
shown to be sites of antibody production 
Some of the tiny arterioles that penetrate to 
the outside of the periarterial sheath of lym- 
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Fig 417 Plan of the structure of the spleen (From 
Weiss and Tavassoli 1970) 
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phoc\teh max epd in splenic smuse> an an area 
called the marg:mai zone Other artennle^ end 
blmdK m the fine meshed reticular connectixe 
tissue ol the mdr^mai /one s(> that the cells ui 
the blood migrate through the filtration net- 
\xork to the large number ot \enou» -^muses in 
contact with the outer edge oi the penar^enai 
lymphatic sheath The marginal zone is con- 
tinuous with the cords ot the red pu^p The re- 
ticular lacework of the marginal zone is 
jammed with macrophages, hmDhocxte*^^ 
plasma cells and red cells The function ot the 
marginal zone is filtration, as can be shown b\ 
the accumulation of particulate matter that 
has been injected into the splenic arterv This 
area is filled with man\ phagocxtic cells that 
will have the opportunity to recognize abnor- 
malities and ingest these cells The central 
arteriole becomes smaller and imalK enters 
and ends m the red pulp, rarely if e\er con- 
necting to venous sinuses The red pulp con- 
sists of vascular sinuses and cords The sinuses 
are thin walled venous \ essels that anastomose 
into the venous system draining the red pulp 

There are many hazards to cells traversing 
the spleen The splenic arterioles at their ter- 
minal ends are smaller than a red cell and pos- 
sess a high endothelium between which the cell 
must squeeze Older cells are more fragile than 
young cells and may be broken in transit The 
less deformable cells, such as the spheroc^Te 
and sickle cells, may also be broken up Flow 
through the red pulp is irregular and there 
may be considerable stasis The stasis is asso- 
ciated with a decrease in oxygen content and 
pH, with a resulting shift in the oxygen disso- 
ciation curve that further lowers the oxygen 
tension All of these factors tend to cause the 
red cell to become more spherocytic and thus 
more susceptible to mechanical injury Anti- 
body-coated cells are detected and removed by 
the phagocytes 

Most red cells circulating through the spleen 
pass into the marginal zones and directly into 
the sinuses In doing this they pass through 
“windows” in the basement membrane and 
squeeze between the endothelial cells of the 
sinuses They may lose small bits of their cyto- 
plasm in this transit and thus become smaller 
and more spheroidal and so less deformable on 
the next transit (Weiss, 1962, Weiss and Ta- 
vassoli, 1970). 

It has been demonstrated that perfusion of 
the normal spleen by a mixture of normal and 


-pPerMcx t.c ^ed ceils rc'-uits m the ^emtaal of 
the ^niierocx^es In aad^tion, if one damages 
red b. antibf^dx heat thev are al-o 

trapped and remoxed the spleen this can 
be determined h\ atJk/mg radio chromium 
labeled cells and externa! counting technique^ 
Furtnermf're abncj^mal cells in tmnsit tlimugh 
the spleen haxe inclusions remoxed from them 
Following spienectomx there i> no detectanie 
change m tiie Ine ^pan oi the red blood cell 
nexerthelesft, rhe number ut abnormal red (ehs 
m the blood increases (hmseauentlx there is 
no doubt that the spleen is the major site for 
remcAal of aged and abnormal cells 

CHEMICAL CHANGES RESULTING FROM 
INCREASED DEGRADATION OF 
HEMOGLOBIN 

Hemoglobin degradation takes place within 
the entire reticuioendothelial sxstem «A com- 
plete description is bexond the scope ot this 
chapter i Globm is broken off the porphvrm 
ring IS opened at the a-methene bridge, and 
iron IS lost from the molecule but is xerx effi- 
cientl> retained within the bodx for new hemo- 
globin synthesis When the porphyrin ring is 
opened at the a-methene bridge, 1 mole of 
carbon monoxide is formed for each mcde of 
hemoglobin degradated < Nyman et ai , 1959) 
The straight chain resulting from the cleaxage 
of the porphxnn ring is reduced to bilirubin, a 
xery insoluble material normally transported 
by an a -I globulin When large amounts are 
produced the spill oxer is transported bx al- 
bumin to the lixer Within the liver, bilirubin 
is conjugated into glucuronide, a soluble form, 
that is excreted into the bile Normally a tmy 
amount leaks into the blood stream or perhaps 
IS absorbed from the gastrointestinal tract 
The bilirubin glucuronide can be detected 
chemically because it reacts with Ehrlich’s 
diazo reagent producing what is called a direct 
reaction showing the presence of conjugated 
bilirubin The unconjugated protem-bound 
material reacts only after treatment with al- 
cohol to solubilize it and produce the color 
reaction This is called the indirect reaction 
Higher than normal indirect reaction indicates 
a hemolytic process Higher than normal direct 
reactions indicate an obstruction or malfunc- 
tion of the liver and biliary tracts that permit 
leakage into the blood stream Within the gas- 
trointestinal tract, the bilirubin is degraded 
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further by bacteria to a series of compounds 
known as urobilinogens Some of the material 
IS reabsorbed into the blood stream but with 
the properly functioning liver they are rapidly 
cleared from the blood and little is found in 
the systemic circulation or the urine The pres- 
ence of abnormally high amounts m the urine 
and stools is indicative of an increased hemo- 
globin catabolism 

In normal man with red cell lifespan of 120 
days, some 0 83% of his red cells per day are 
destroyed, representing about 6 g of hemo- 
globin Hemoglobin has a molecular weight of 
66,000 and yields 4 molecules of urobilinogen 
Each gram of hemoglobin can produce 35 mg 
of urobilinogen The excretion of urobilinogen 
IS theoxetically in the vicinity of 210 mg /day 
Substantial increases over this are indicative 
of a hemolytic process 

RESPONSE TO HEMOLYTIC PROCESSES 

Hemopoiesis is regulated primarily at the 
stem cell level When there is an increased 
peripheral destruction of cells from any hemo- 
lytic process there is a compensation within 
limits by increased red cell production that 
may prevent anemia The active red marrow 
may extend into the normally yellow fatty 
bone marrow For long periods of time the 
marrow can compensate for a reduction in life 
span of the red cell to one-sixth of the normal 
value This requires six times the normal pro- 
duction This IS accomplished by an increased 
input of stem cells, possibly with a decrease m 
the generation time of the proliferating eryth- 
ropoietic cells, and conceivably with an addi- 
tional mitosis or two between the stem cell 
and the first nondividing red cell precursor A 
decrease in generation time of the red cell pre- 
cursor at the expense of G i is conceivable It is 
doubtful whether S would be decreased In any 
case the reduction in time by itself could not 
accomplish a sixfold increase in production 
rate 

When the red cell lifespan is shortened to 
less than one -sixth, it is certain that a hemo- 
lytic anemia will develop One sees a low he- 
moglobin and red count, the shortened red cell 
lifespan, increased reticulocyte count, possibly 
nucleated red cells in the peripheral blood, 
increased iron turnover rate and a markedly 
inareased excretion of the products of hemo- 
globin destmcbiqn In addition, the extension 
ql marrow out Into the long bones can be 


detected by radioisotopic techniques In severe 
sickle cell anemia and thalassemia the marrow 
may actually erode into the cortical bone pro 
ducing typical x-ray pictures 

EXAMPLES OF DISEASES WITH AN 
INTRACORPUSCULAR DEFECT 

Hereditary Spherocytosis. This disease is 
inherited presumably as a single Mendelian 
dominant It is characterized by 1) acholuric 
jaundice, 2) fragile red cells spherocytic in 
shape, osmotically sensitive with intrinsic 
defective metabolism and structure, 3) spleno 
megaly, and 4) hemolysis with variable 
anemia The osmotically fragile red cells, being 
spheres, are not deformable and are easily 
removed in the transit through the spleen 
Thus, the lifespan of the red cell is randomly 
reduced, producing anemia if the marrow can 
not compensate for the shortened red cell life 
A large spleen develops, it is probably due to 
hyperplasia as a result of the extensive amount 
of red cells and hemoglobin that are being 
removed and degraded 

The disease is always strikingly improved by 
splenectomy, because this operation removes a 
major hazard to the abnormal red cell The 
spleen itself, however, is not abnormal, since it 
can be shown by the Ashby technique of differ- 
ential agglutination that normal cells trans- 
fused into a patient with hereditary spherocy- 
tosis both before and after splenectomy have a 
noimal lifespan The defect then is related di 
rectly to an abnormality of the red cell 

Thalassemia In Greece, a young married 
couple may bring to the Children’s Clinic a 
child who is listless and pale with a prominent 
facies, and who ha4 a hypochromic microcytic 
anemia with hyperplaSEFbonl S 
IS elevated fetal hemoglobin and the other 
signs typical of the disease, thalassemia 
This child will have a short and miserable life 
This disease is a national catastrophe in 
Greece and other parts of the Mediterranean 
littorals The only treatment is blood transfu- 
sion, but it will eventually cause trouble 
through “iron loading” from the destruction of 
the transfused red cells, and will lead to 
harmful deposits of iron (hemosiderosid J 
I per, heart715ramran3“^^ 
l^This IS an inherited disease Tnalassemia 
major is the homozygous form, Thalassemia 
minor the heterozygous The latter gives rela- 
tively few symptoms, Nbut the trait is detect- 
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able There an intracorousLular de'ett (A the 
red cells, w,hich ha%e a \erv MC\ and 
MCHC There are abnormahties in hemo- 
s^iobm s\Ti thesis and red ceil format nm and a 
large spleen Although there is no theTiiitalic 
defined abnormality in liemoglobm, the tetal 
type and A-2 \ariet\ oi hemoglobin are present 
m abnormal quantities and at unusual ages 
Ineffective er>thropoiesis is marked h> red cel 
hyperplasia but inadequate red ceil produc- 
tion The red ceils show both an increased 
osmotic resistance and a marked shortening ot 
lifespan upon transfusion into normal mdicid- 
uals or as measured in the patient In the 
homozygous form, the red ceil lifespan is de- 
creased so much that the marrow, e\en with 
extension into and erosion of the bones, is 
unable to keep up with cell destruction and a 
severe anemia occurs 

Examples of extracorpuscuiar abnormalities 
that produce shortened red cell life span, such 
as mismatched transfusions and acquired 
hemolytic disease of the autoantibod\ type, 
are described m Chapters 6 and 7 

Sickle Ceil Anemia: A Molecular Hemo- 
lytic Disease. A negro child, normal at birth, 
developed somewhat slowly , Intermittent pe- 
riods of aching m the joints, severe chest and 
abdominal pain commenced in midchiidhood 
An anemia developed The extremities were 
long and thin There was poor development of 
secondary sex characteristics This child has 
sickle ceil disease, chronic hereditary hemo- 
lytic disease due to the inheritance from each 
parent of a gene for hemoglobin S There is lit- 
tle, if any, normal hemoglobini the fetal hemo- 
globin of red blood cells being replaced by 
hemoglobin S The pathology is molecular^ It 
IS based on a mutation with a substitution of 
valine for glutamic acid m the jS chain of he- 
moglobin (Pauling et al , 1949, Ingram, 1956) 
The substitution involves only the P chain, 
and this explains why children with the homo- 
zygous form of the disease do not show the 
sickling phenomenon until adult hemoglobin S 
predominates over fetal hemoglobin (see chap 
4) When the red cells are well oxygenated, the 
hemoglobin behaves physiologically But, when 
these cells are deprived of oxygen they assume 
sickle and other bizarre crescentic shapes 
When hemoglobin S is deoxygenated its solu- 
bility falls strikmgly (Hams, 1959) This de- 
crease in solubility results m a viscous semi- 
solid cell that loses almost all of its deforma- 


buit\ Tue rig.ci cebs become traDoed in the 
'^mailer blood where stasis further 

cieow genat wn ana leHu^ed pH accentuate the 
situation Pugs and md^ses at erythrocvtes 
occlude \essei?) ana ana iniarction 

ioilow A VICIOUS cvcle thus leads to more sick- 
ling Ihe chnica! result® are severe painful 
crises resulting in multiple infarcts ot none, 
&pieen, uver and to chronic leg uicer* I The 
repeated init^rct> oi the spleen may lead to an 
aatospienectomy * ^ chrcmit compensated, 
hemolytic anemia decelops When the anemia 
becomes seyere, the only therauy is blood 
transfusion The latter ultimately leads to dif- 
ficulties through the increased iron intake as 
described m thalassemia Splenectomy does 
not improve tne disease 

A hazard to the mdividdai with birkle ceil 
disease is the possiOiiity that a mistaken diag- 
nosis ot the paintu! crises may lead to emer- 
gency and unnecessary surgery 

Pathogenesis of Perniciotis anu 
IVlegaloblastsc Anemias 

WTiippie and his associates received the 
Nobel Prize m 1935 for having demonstrated 
that liver is the most effective food for the 
treatment of anemia m dogs Minot and 
Murphy (19261 gave lightly cooked liver (up to 
1 lb /day) to patients with pernicious anemia 
with considerable improvement Shortly there- 
after, it was found that meat incubated with 
normal gastric juice and then fed to a subject 
with pernicious anemia produced a striking 
effect (Castle et al, 1930) My introduction to 
hematology as a medical student and house 
officer was concerned with incubating ham- 
burger with normal gastric juice and then 
feeding it to patients with pernicious anemia 
by stomach tube Today one gives a simple 
injection of vitamin There has been prog- 
ress for patient and physician 

INTRINSIC AND EXTRINSIC FACTORS 
VITAMIN Bi2 

In pernicious anemia, there is an abnor- 
mality in gastric mucosa with a reduced 
volume of gastric secretions (acbyha) and ab- 
sence of hydrochloric acid m these secretions 
Also there is a lack of an intrimic factor which 
normally acts on extrinsic factor that is 
present in meat and other foods. The extrinsic 
factor IS now known to be vitamin Bjt, a red- 
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dish compound possessing a cobalt-containing 
tetrapyrrolic ring that is synthesized by var- 
ious bacteria It is available to man in meat 
from animals whose intestinal bacteria synthe- 
sized the material or consumed it in their diet 
The efficient absorption of dietary vitamin B 12 
requires an interaction with a glycoprotein of 
molecular weight 70,000 secreted by the fundus 
of the stomach, the intrinsic factor This factor 
binds strongly to vitamin B 12 The complex 
then attaches to specific receptors that are on 
the intestinal wall and that facilitate the 
transfer of the vitamin B 12 to the circulation, 
primarily through the upper part of the ileum 
In a normal individual with adequate amounts 
of intrinsic factor, approximately 70% of the 
ingested vitamin B 12 is absorbed, whereas, in 
individuals such as those with pernicious 
anemia who have an absence of the intrinsic 
factor, less than 2% is absorbed The vitamin 
Bi 2 that is absorbed through the gut is carried 
through the bloodstream by a specific protein 
carrier The serum concentration of vitamin 
Bi 2 in normal individuals is 200 to 900 fi^g /ml 
The total body vitamin B 12 content in the 
normal adult is about 5,000 fig , about 1700 fig 
is stored m the liver Symptoms characteristic 
of pernicious anemia described earlier do not 
begin to appear until the total body B 12 con- 
tent drops to less than 500 fig The average 
daily requirement for vitamin B 12 in the 
normal adult is approximately 2 5 fig During 
growth and severe demands on hemopoiesis 
the requirements may be increased It is be- 
yond the scope of this section to describe the 
entire biochemical mechanism by which vi- 
tamin Bi 2 exerts its effect on DNA synthesis 
and cell replication so as to eliminate the 
marked abnormalities in morphology and the 
inability of the cells to progress through the 
cell cycle that results in the marked ineffective 
erythropoiesis described earlier Since large 
amounts of thymidine will give a partial re- 
mission in pernicious anemia, it is believed 
that the defect may be focused on the syn- 
thesis of the DNA precursor, thymidylic acid. 

The specific diagnosis of pernicious anemia 
requires the demonstration of the absence of 
intrinsic factor This is accomplished by using 
radioactive cobalt labeled vitamin Bxz When 
the material is given without intrinsic factor, if 
there is no absorption into the body it is pre- 
sumptive evidence of an absence of intrinsic 
factor Next, the radioactive vitamin B 12 is 


mcuhated with a preparation of intrinsic factor 
and then given by mouth to the individual and 
the absorption measured again If now there is 
absorption, it is definite evidence of a defi 
ciency of intrinsic factor 

The technique of determining vitamin 
absorption described by Schilling (1953) re 
quired the oral administration of radioactive 
vitamin B 12 followed at an interval by a large 
quantity of nonradioactive vitamin B 12 given 
intravenously to flush the radioactive material 
into the urine, where one estimated absorption 
on the basis of urinary excretion The alterna 
tive was to collect feces for a few days and 
measure the amount excreted The whole bodv 
counter makes it much simpler Cobalt-GO vi 
tamin B 12 is given by mouth followed by water 
to wash out the stomach Next cobalt-57 vi 
tamm B 12 is incubated with intrinsic factor 
and given by mouth The total body cobalt 60 
and 57 are determined A few days later the 
radionuclide content of each in the body is 
determined If cobalt-60 has been absorbed in 
substantial amounts, the patient has his own 
intrinsic factor If only cobalt-57 was absorbed 
the patient has an absence of intrinsic factor 
If neither was absorbed significantly there is a 
defect in the small bowel that prevents absorp 
tion (Reizenstem et al, 1961) 

FOLATES 

The folates are also essential in DNA syn 
thesis and normal cell proliferation In the 
absence of folates or inability to absorb them, 
macrocytic anemias may develop also The 
folates are synthesized by plants and are found 
in many vegetables and also in liver Most of 
the natural folic acid is in conjugated form and 
must be split by intestinal conjugases for ab- 
sorption to proceed A normal diet contains 
daily from 1 to 2 mg of folic acid It is esti 
mated that the normal daily requirement is 
about 50 fig During marked hemolysis, preg- 
nancy, etc , the requirements are much higher 
Deficiencies develop in severe alcoholics 

Folates are reduced by specific enzymes to 
tetrahydrofolic acid which accepts methyl 
groups and acts as a methyl transfer agent and 
coenzyme m the synthesis of some purines and 
pyrimidines required by DNA 

The abnormalities in DNA synthesis in- 
duced by deficiency of vitamin B 12 or folate 
affect all of the cell renewal system^ The ap- 
pearance IS abnormal as shown by the mega- 



Chapter 3 


c , . 
» y ^ 


4-39 


loblast and the h\perse;traented neutn-phd-. 
the blood A.bnormahtiefe in cel! di\>ior m the 
other cell renewal s\fetem& account tor the 
changes in the mouth stf)ma(h, \agina and 
skin The neurological damage is related soe- 
cificallv to \itamm B , but how the \itamm 
Bi2 deticiencc results m injure to neunms is 
not knowm 

IRON METABOLISiVI 

Iron IS essential tor the scnthesis ot hemo- 
globin and iron containing porph\rin enzemes 
The major abnormal loss ot iron comes tnrough 
hemorrhage If an individual must receive 
transfusions because of ineffective hemopoiesis 
due to suppression of the marrow or inade- 
quate production of red cells, the total bodv 
iron content continues to increase in propor- 
tion to the number of transfusions given The 
only method normally available for regulating 
the total body iron content is through the regu- 
lation of intestinal absorption, there is no 
mechanism for regulating total bodv iron con- 
tent by increasing its excretion 

Most of the iron is absorbed through the 
upper jejunum, although small amounts can be 
absorbed anywhere from the stomach to the 
colon A considerable amount of the iron m 
foexi IS released by peptic digestion m the 
stomach, and in the presence of the high acid 
content becomes lonizable inorganic iron (Ja- 
cobs and Greenman, 1969, Hoglund 1970) As 
the gastric contents flow into the jejunum and 
are neutralized, the ionized iron binds with 
other substances present m the lumen or is 
precipitated Iron complexes with phosphate, 
and other substances that are nonabsorbable 
may be produced. It is believed that some of 
the inorganic iron as ions is bound to gastric 
mucopolysaccharide which appears to act as a 
carrier enabling iron to remain m solution at 
the neutral pH in the small intestinal lumen 
(Jacobs and Miles, 1969) Heme iron of food is 
released from hemoglobin by digestion in the 
stomach, and apparently enters intestinal epi- 
thelial cells at which point it is degraded and 
the iron released to form intraepithelial com- 
plexes 

The rate of iron absorption is regulated by 
the needs of the body A mucosal “block’’ 
theory has proposed that a regulatory mecha- 
nism for iron absorption resides entirely within 
the mucosal cells It was believed that the iron 
was bound by apoferritin into a highly msol- 


uDie torm ierntin which released ac- 

Ci/rding U> the reed lor iron within the bodv 
■'GranxK The HMt.fm ot regulaticm at 

rne enitnei.a’ cell level ir the small intestine 
has betn que'^lioned ‘Brovin, et ai , 195bl, and 
has* been replaced b\ tne^ ccmcept that control 
^es!de^ pnmaniv at the level of the mucosal 
cfcU iCcynrad and fTosbv i9b.j) 

It appear^ clear that individuals who are 
iron deiicsent increase their absorption r»f iron, 
whereas those with iron overload absorb rela- 
tivel> little Iron that has entered the epi- 
thehal cell at the lumma! poie has two possible 
fates It mav be tninsported to the base ot the 
ep'thebal cell, across the basement membrane 
and into the plasma w^here it is bound b> 
plasma transierrm The other route appears to 
be conversion to ferritin and its loss mto the 
gastrointestinal tract as the mucosal ceils are 
sloughed off of the tips oi the vilh it is now 
believed that the prime regulator ot the 
amount ot iron absorbed into the bodv via the 
rapid transport method to the plasma is the 
capability of the ceil to svnthesize ferntm, 
sequester the gut iron, and then reject it into 
the intestinal lumen as the cells slough off 
f Conrad et ai , 1964) It is not exactly estab- 
lished what switches on and off the s>nthesis 
of apoferntm to sequester the iron Certainly if 
there is a low mucosal apoferntm content the 
probability of iron's making the transit across 
the epithelial cel! to be picked up by trans- 
ferrin in plasma is much greater 

Iron IS transported in the blood by a single 
plasma protein, transferrin Approximately 30 
to 40 mg of iron each day is required m a 
normal individual to synthesize hemoglobin 
This IS 6 to 10 times the total plasma iron As 
described m Chapter 1, transferrin can bind 
two atoms of feme iron per molecule The 
normal plasma iron concentration is between 
60 and 150 p,g /lOO ml , which is about one- 
third of the plasma total iron-binding ca- 
pacity This means approximately one-third of 
the circulating transferrin is saturated with 
iron 

It IS probable that transferrin molecules with 


®The gastrointestinal tract is a cell renewal 
system m which the cells are being continually 
formed and desquamated The transit time from 
formation in the crypts oi Lieberkuhn to the tip of 
the villus and being sluffed off is between 1 and 3 
days depending on the species and the area of the 
gut 
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iron attach to developing red cells, allowing 
the iron to be transferred into the erythr oblast 
with release of the transferrin to return and 
deliver more iron (Jandl and Katz, 1963). 

The rates of iron transport, turnover, and 
incorporation into red cells are useful observa- 
tions as indirect measures of red cell produc- 
tion, They are clinically and experimentally 
useful. The student is referred to hematology 
and nuclear medicine tests for details of tech- 
niques and data interpretation of iron kinetics 
(Wintrobe, 1967; Wagner, 1968). 

As mentioned earlier, the commonest dis- 
ease of iron metabolism is a deficiency induced 
by chronic hemorrhage in the male, repeated 
pregnancies and menstruation in the female, 
and nutritional deficiency of iron. There is an 
exceptionally rare congenital absence of trans- 
ferrin. In chronic infection there is an ample 
amount of iron in the reticuloendothelial cells 
of the bone marrow, liver and spleen; there is a 
low serum iron and a low total iron-binding 
capacity along with a normocytic normo- 


chromic anemia. The exact pathogenesis is not 
clear, but removal of the infection usually 
completely corrects the disorder. 

There is also a rare disorder of iron loading 
called hemochromatosis. The pathogenesis of 
this disorder is not clear, but it is character- 
ized by extensive deposits of iron in the liver, 
skin, pancreas; any organ may be involved. 
Diabetes mellitus may develop as the result of 
injury to the islets of Langerhans. When the 
disease is fully developed, iron absorption is 
normal but is believed to be high in the early 
stages. Presumably it is due to a defect in the 
normal mechanism that controls iron absorp- 
tion. The treatment of this disease is simply 
bleeding in order to remove the excess iron. 
This strikingly decreases the mortality of the 
disease by mobilizing the harmful deposits of 
iron in the tissues for erythropoiesis. The syn- 
thesis of heme and glob in are equally impor- 
tant to erythropoiesis. The student is referred 
to standard texts on biochemistry for consider- 
ation of this aspect of erythropoiesis. 
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Hemoglobin the red matter oi er v throe 
makes up about 944 oi the dn eight o" t^e 
red ceil Hemoglobm iunctions priniariK a'^ a 
carrier ot ox\gen hut it is also conterned vvith 
the transport ot carbon dioxide and \cith the 
acid-base balance oi the bod\ Hemogiobip 
takes up a large volume oi owgen m the iung& 
and carries it to the tissues Water at bom 
temperature and an o\\gen pressure oi lOu 
mm Hg absorbs 0 3 ml of oxvgen per lOo ml 
whereas 100 mi oi normal blood at the same 
temperature and pressure takes up about 20 
ml of oxygen The difference is due to the re- 
versible ox>gen-bmding capacity oi hemo- 
globin (Harper, 1963, Hams, 1970) 

The blood’s capacity to absorb oxvgen is 
called the oxygen capacity and it is propor- 
tional to the hemoglobin concentration The 
oxygen capacity of 1 g of completelv oxygen- 
ated hemoglobin is 1 39 ml therefore, the 
oxygen capacity of 100 ml of normal blood 
(with 15 g of hemoglobin) is 20 8 ml (15 -- 
1 39) (Gambino, 1967) 

Blood from a normal male contains about 15 
g (14 to 16 g ) of hemoglobin per 100 ml , all of 
which IS within the red cells Hemoglobin is 
0 347% iron b> weight, thus, there is about 50 
mg of iron/100 ml of blood and 2 5 g m the 
total blood volume of 5000 ml (Gambino 
1967) 

THE ESTIMATION OF HEMOGLOBIN 
IN BLOOD 

Hemoglobin concentration m blood can be 
measured by colorimetric, spectrophotometnc, 
gasometne, chemical, and physical techniques, 
including x-ray fluorescence and atomic ab- 
sorption spectroscopy (Drabkin, 1950, Gam- 
bmo, 1967, MacFate, 1964) Photoelectric co- 
lorimetry determines hemoglobin concentra- 
tion by measurmg color intensity in terms of 
the light-absorbing power of the solution at a 
specific region of the visible spectrum The 
estimation of cyanmetheraoglobm gives a 


^ See also Regeneration of Blood, Chapter 2 


fcipiri pret.i^e mf-a-uremept ali herao£?l(jbm 

dtruativeN ewept 

Gabumet’'’C measure iiemog'obin 

through Ah aoiliU to tumbme ‘-toRhiumet- 
»*.cahv with fjxvgen In ormtioie, a measured 
volume oi hhnd is equiuhrated with air under 
standard couciitain*^ ot temperature and pres- 
sure and iS then analvzed m the \ an SivLe 
blood-gas apparatus tux content of oxvgen 
The results oi gasometne methods represent 
functional hemoglobin m the blood i e that 
portion capable of carrving oxvgen therefore, 
the nonfunctional pigments like methemo- 
globm and carbowhemuglobm are not meas- 
ured 

Structure and Vletabolism 

Hemoglobin is a conjugated protein with a 
molecular weight of 64,458 (Gambino 1967) It 
consists of an iron-containing pigment Imetai- 
loporphyrm) combined with a protein, globm 
This pigment belongs to a group oi compounds 
called porphyrins which combine with metals 
Heme is the name given to the compound oi 
iron and the particular porphyrin found in 
hemoglobin The iron-porphvnn-globm com- 
plex (hemoglobin) forms a loose complex with 
oxygen when the iron is in the ferrous (Fe’^") 
state 

SYNTHESIS OF PORPHYRINS AND HEME 

The basic framework upon which ali por- 
phyrins are built consists of four pyrrole rings 
linked together m a larger rmg-iike structure 
called porphin By substitution of the 8 hy- 
drogen atoms about the edge of the porphm 
structure with various side chains— -acetyl, 
methyl, vinyl, propionyl — the various por- 
phyrins m nature are produced The positions 
of some substituents for a few related struc- 
tures are summarized in Table 4 5 The partic- 
ular compound found m heme is known as pro- 
toporphyrin IX (MacFate, 1964) 

The complex molecule is entirely synthe- 
sized by a senes of condensations, beginning 
with glycine and succinate. From these simple 
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Table 4 5 
Porphyrin structure 


Compound 

Side Chains 

Uroporphyrin 1 

Acetyl in 1, 3, 5, 7, propionyl 
m 2, 4, 6, 8 

Uroporphyrin III 

Acetyl in 1, 3, 5, 8, propionyl 
m 2, 4, 6, 7 

Coproporphyrm I 

Methyl m 1, 3, 5, 7, pro- 
pionyl in 2, 4, 6, 8 

Coproporphynn III 

Methyl m 1, 3, 5, 8, pro- 
pionyl in 2, 4, 6, 7 

Protoporphyrin IX 

Methyl m 1, 3, 5, 8, propionyl 
in 6, 7, vinyl in 2, 4 


structures A-ammolevulenic acid (ALA) is 
formed, after which 2 molecules of ALA con- 
dense to form porphobilinogen The precise 
mechanisms of the subsequent reactions 
whereby 4 molecules of porphobilinogen con- 
dense to form protoporphyrin IX are not yet 
completely understood The protoporphyrin IX 
IS combmed with iron and globin to form a 
complete hemoglobin molecule Iron enters the 
red cell precursors through the cell membrane 
and IS transferred to the site of heme synthesis 
where it combines with the protoporphyrin 
under the influence of heme synthetase 
The breakdown of heme, when it is released 
from the red cell in the course of its normal 
destruction, involves the oxidative splitting of 
the porphyrin ring to yield bilirubin-urobilin- 
ogen products The conversion of hemoglobin 
to bilirubin probably takes place m the entire 
reticuloendothelial system, but the extent of 
participation by various organs (spleen, liver, 
bone marrow, etc) is unknown It is not cer- 
tain whether 1) the iron- porphyrin complex is 
split from the globin to form hematin (a hy- 
droxide of the trivalent iron derivative of 
(heme), at which time the porphyrin ring opens 
and the iron is released to form the straight- 
chain bilirubin compounds, or 2) oxidation of 
hemoglobin (as the initial step) opens the por- 
phyrin ring to yield chole globin, a green, bile 
pigment that is an iron-globin complex, which 
upon subsequent loss of the iron and globin 
forms bilimbin (Harper, 1963, Hams, 1970) 

By either route, the opening of the porphyrin 
rmg occurs at one of the a-methene bridges, 
and 1 mole of carbon monoxide is formed 
Because endogenous production of carboxy- 
hemoi^obin occurs via hemoglobin degrada- 
tion, the measurement of carbon monoxide 


production has been used as an indication of 
red cell survival (Hams, 1970) 

After bihrubm, the principal bile pigment, is 
formed it is excreted into the gut A small but 
unknown portion of the bilirubin may be ex 
creted either as mono- or dipyrroles, but it has 
been technically difficult to detect or quanti 
tate these In the gut, bacterial action progres 
sively reduces the bilirubin to members of the 
urobilin-urobilinogen groups Measurements of 
bihrubm production and fecal urobilinogen 
excretion have also been used to estimate 
hemoglobin degradation The possible degra 
dation of cellular hemoglobin through a nonbil 
irubin pathway has been described, the hemo 
globin may be degraded to iron and a por- 
phyrin compound (Veech et al , 1967) 

THE STRUCTURE OF GLOBIN 

The hemoglobin molecule consists of four 
subunits, and each subunit consists of a poly- 
peptide chain and an associated heme mole- 
cule The tortuously coiled polypeptide chains 
fit together in the complete molecule in such a 
fashion that the heme portions are more or less 
at the corners of a tetrahedron, near the sur- 
face of the molecule, where there can be a 
prompt reaction with oxygen Attachment of 
the heme portion greatly modifies the proper- 
ties of the globm molecule The conjugated 
protein is much more resistant to denaturing 
agents and to digestive enzymes than is the 
free protein 

Differences m various human hemoglobins 
(see below) are due to changes in the ammo 
acid sequence of the polypeptide chains, or to 
different combinations of polypeptide chains 
A functional hemoglobin must have two pairs 
of different polypeptide chains In the few in- 
stances when a hemoglobin has only a single 
chain, the molecule does not function normally 
(Huisman and Schroeder, 1970) 

Normal adult hemoglobin (A) has two so- 
called a-chains and two so-called /3-chains and 
may be represented symbolically as azIS^ The 
differences between the a-chams and i^-chains 
he in their primary structure each a-cham 
contains 141 ammo acid residues, whereas, 
each /?-chain contains 146 ammo acid residues 
Fetal hemoglobin (F) (that normally present 
during intrauterine life) has one pair of a- 
chams identical to that in adult hemoglobin 
and a second pair of y-chains, hence, it is 
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shown as ^272 A minoT fraction ^2*^0 ot hemo- 
globin normally present in adnit human blor^d 
termed hemoglobin made ui two a- 

chains and twm 5 ideital-chams, ^o it is shown 
as a 2 b 2 Hemoglobin H, with the structure ^4 
and hemoglobin ‘ Barts, with the stnjcture 
74 , are two rare abnormal hemos-odms 
(Huisman and Schroeder, 1970 Ingram 1960, 
Jonxis and Delafrcbnace 1959) 


hord im>t'nudes trom t^e p^ane of the 

heme is ^he nomt ot attachireiit ot molecuiar 
oxvgen It is evident that glohm is not merel> 
an inert car’^ier oi the heme groups, on the 
conirar\ it markedly mUuences the reactniU 
fh the iron (d heme with (»\\gen ^Perrut? et a! , 
i968, Pemtz 1969i 

HEME-HEME INTERACTOM 


The Combination of Hemog'^obm 

With OxYgen 

Hemoglobin combines with ox\ gen b> \ irtue 
of the iron it con tarns Each of the tour iron 
atoms m the heme groups reacts directK with 
molecular oxvgen For this reaction to occur 
the iron must be in the dnalent I ferrous Fe* 
state Deoxygenated hemoglobin has been 
shown to distort a magnetic field presumable 
because of unshared electrons on the tour iron 
atoms On combination with oxygen, the un- 
shared electrons participate m formation of 
the iron-oxygen bond and the molecule loses 
its magnetic moment When the iron atom is 
oxidized to the trivalent (feme, Fe^'^^} state, 
as in methemoglobm, it does not react with 
oxygen, although it will bind certain ligands 
such as cyanide Under normal physiological 
conditions, m vivo, the methemoglobm reduc- 
tase system of the red cell maintains the iron of 
hemoglobin in the divalent state 

In the hemoglobin molecule the iron is in a 
hexacovalent state, with four of the bonds 
linking it with the planar porphyrin molecule 
(Fig 4 18) The resulting heme molecules (4 m 
number) are attached to the surface of the 
globm molecule by another of the covalent 
links of the iron atom The sixth covalent 


v—N \ 1 

Globm , Fe , H,0 
^ 

^ li ! 

/ W-A % 

\ H 

Reduced hemoglobin 


H 



Oxygenated hemoglobm 
(oxyhemogtobin) 


Fig 4 18 


Since each hemogiobm molecule contains 
tour mm atoms it can combine with four mol 
ecules of oxygen The owgenat^on of one ot the 
tour hemes eniiances the ox\gen attmit\ of the 
remaining hemes This heme-heme interaction 
i e the effect 01 the owgenation of one heme 
upon the ease ui oxygenation of the other 
hemes results m a sigmoid cur\e that de- 
scribes the percentage ot oxyhemoglobin at a 
given oxygen tension Ihis plot is called the 
oxyhemoglobin dissociation curve When there 
IS no interaction such as m the case of the 
monomeric myoglobm, a similar plot will >ieid 
a curve in the form of a rectangular hvperbola 
uAntonmi, 1965, Antonini and Brunori, 1970) 

BOHR EFFECT 

The reversible combination of hemogiobm 
and oxygen is dependent upon temperature, 
and on the ionic strength f electrolyte composi- 
tion) of the reaction medium as well as on its 
PCO 2 and pH (Antonmi, 1965, Antonmi and 
Brunori, 1970) The interrelated PcOi-pH in- 
fluence on the oxygen-hemogiobm equilibrium 
IS known as the Bohr effect — 1 e , the higher 
the PcOa and thus the greater the hydrogen 
ion concentration (and the lower the pH), the 
lower IS the affinity of the hemoglobin mole- 
cule for oxygen Figure 4 19 shows the effects 
of PCO 2 and pH on the red cell oxyhemo- 
globin dissociation curve The effect of one 
variable is shown when the others are constant 
The importance of the Bohr effect lies not only 
m its physiological role as a regulatory mecha- 
nism m the oxygen transport and gas ex- 
change, but also m its use as a model for stud- 
ying the effects of pH on the functional prop- 
erties of proteins m general When hemogiobm 
IS combined with oxygen, an imidazole group 
of the ammo acid, histidine, m the a- and 
chams is influenced by the concentration, 
an increased concentration tends to pro- 
mote dissociation of oxygen from hemoglobin 
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Partial Pressure O2 ,nnmHg 

Fig 4 19 The influence of PCO 2 pH and 2 3 DPG on oxygen dissociation curves 


THE BINDING OF ORGANIC PHOSPHATES 
TO HEMOGLOBIN 

The oxyhemoglobin dissociation curve of 
extracorpuscuiar hemoglobin is different from 
that of cellular hemoglobin This difference 
may be explained by the existence of certain 
compounds with which hemoglobin is asso- 
ciated intracellularly 

Organic phosphates bind to hemoglobin, and 
this binding is accompanied by a decrease in 
the hemoglobin molecule’s affinity for oxygen 
Decreased hemoglobin-oxygen affinity is 
caused by many organic phosphates and by 
some inorganic phosphates, but the most dra- 
matic results occur principally with the 
binding of 2, 3-diphospho-D- glyceric acid 
(DPG), adenosine triphosphate (ATP), and 
inositol hexaphosphate (IHP) (Benesch and 
Benesch, 1969, Chanutm and Curnish, 1967) 
Because DPG and to a lesser extent ATP are 
present ih 'Significant amounts in human 
erythrocytes, their binding to hemoglobin is 
considered to be important to the function of 
the molecule in vivo Figure 4 19 shows also 
the effect of 2, 3 DPG on the red cell oxyhemo- 
globin dissociation curve 

The oxyhemoglobin dissociation curve of 
intact red cells is a resultant of oxygen-hemo- 
globin interaction influenced by a variety of 
intracellular substances ^lonic concentration of 
hydrogen, sodium, potassium, and chloride, 
red cell levels of Pco^, 2,3 DPG, ATP, and 
glutathione, and the amount of carboxyhemo- 
gfcbin and tnethemoglobm m the red cells 
(Anlioami, I96b; Antonmi and Brunori, 1970) 
In<»ea«d affinity of red cell hemoglobin for 


oxygen is associated with increased levels of 
red cell carboxyhemoglobin and methemo- 
globm, decreased concentration of hydrogen 
ion (increased pH), and decreased levels of red 
cell PCO 2 , 2,3 DPG, ATP, and glutathione 
Decreased affinity of the red cell hemoglobin 
for oxygen is associated with elevated red cell 
levels of 2 , 3 DPG, ATP, glutathione, and hy- 
drogen ion (decreased pH) At a given P 02 
tension, decreased affinity for oxygen by red 
cells increases (facilitates) oxygen delivery to 
tissue, while increased affinity for oxygen de- 
creases (reduces) oxygen delivery to tissue 
Although the presence of DPG markedly 
reduces the oxygen affinity of hemoglobin, 
many variables determine the magnitude and 
nature of the effect The binding of DPG to 
hemoglobin is sensitive to a wide variety of 
factors There is a lower binding of DPG to 
hemoglobin F than to hemoglobin A DPG 
apparently controls the ease or difficulty with 
which hemoglobin releases oxygen to the tis- 
sues, thereby affecting the “position” of the 
oxyhemoglobin dissociation curve For exam- 
ple, in patients in whom defects in red cell 
glycolysis alter the DPG concentration in the 
red cell, there is abnormal oxygen affinity In a 
patient with hexokinase deficiency, the level of 
DPG IS about two-thirds normal and the ox- 
ygen affinity is greater than normal, by con- 
trast, in a patient with a deficiency of pyru- 
vate kinase, DPG is more than double the 
normal level and the oxygen affinity is de- 
creased 
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Tissue r\D^^\ia pld\^ 

re£?uiatin^ the red ce'- l)P(i e\c.' Fi\na\ t 
h\ DO\ia ipuirPunanj ^tap:naut Udi~ 

dio\a^culari, and anen^.t n\po\ia f ’’ea 4 el^ 
mass deficit! ail tend tu raise ’”ecl ceh orjanic 
phosphates in patients with normal ' i’- eT\atea 
blood pH, a change that aftects the /Avt^e’^o- 
^lobin dissociation cur\e so a& to un- 

loading of o\\gen to tde tissues Accent li 
normal subjects to a height «h m resui*^ 
in a reduction m owgen with a um 

comitant rise m red ceil DPG le\el The ma\- 
imum effect is reached withm 4S hr ana 
\aiues return to normal withm 4d hr ol de- 
scent to sea le\el The mechanisms responsible 
for the changes m red cell DPG and ATP in 
\i\o during h\poxic states are c^earK linked to 
the red cell pH 

SIGNIFICANCE OF GLOBfN VARIANTS 

Variations m the globin portion of the hemo- 
globin molecule influence the Bohr effect the 
heme-heme interaction, and the hemoglobin 
molecule’s affinity tor oxygen in different 
w^avs Globin variants m the a- and /d -chains 
produce a large number of abnormal hemoglo- 


b « nen'4.gh>bm.)Dathies I The structural 
anaw^e" t^e-^e ar^no’-nial heiroglobins Meld 
.mpor^ant ir anou: structiiral-ianc- 

t unai ’'eiat’^ms the hemoglobin moiecule 
tUeat^^erai' ana fiegg Some of the 

hemogb bin \ariants T he^aneake J Cane- 
town lakima Keinpse\ Rainier, \ps*, Hiro- 
vh.nra ara .St Man''-' are associated with in- 
i^ea^ed oxvgen altmu\ and usuaih with m- 
c^'ea^ea ’’ed cell volumes 'tamihai poi\c\- 
themia' Other nemugh^bin \ar.ants (Seattle 
Kar»a‘- and ^he hemi^giobin*^ SA, hS, E, SO, 
and SC I are assoc \ited with decreased (j^xvgen 
attmin and usuaiA with reduced red cell vol- 
ume^ Figure 4 2u schematicalK demonstrates 
the relation oetween hemogiobm mass and the 
c»\\ hemoglobin dissociation curve P50 value 
f partial pressure v4 owgen m milbmeter» of 
mercurv at which 50 ^ of the hemoglobin is 
owgenatedi m patients with a varietv of hem- 
oglobinopathies 

Ox\ hemoglobin dissociation function is an 
important factor in the regulation of owgen 
transport to tissue An increase m red cell 2,3 
DPG m circulating red ceils ma> tend to com- 
pensate for an impairment m owgen suppK to 



p50 Value of the Oxyhemoglobin Dissociation Curve 

Fig 4 20 Relationship between hemoglobin mass and P50 of oxyhemoglobin dissociation curve for abnormal hemo- 
globins 
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tissue The adaptive mechanisms possessed by 
the body to assure an adequate oxygen supply 
m patients with either decreased red cell mass, 
cardiac disease, or pulmonary insufficiency 
include not only increased releases of oxygen 
from hemoglobin but augmentation of cardiac 
output, greater flow to more important organs, 
and usually an increased rate of red cell pro- 
duction 

Derivatives of Hemoglobin 

The terms, reduced hemoglobin, ferrohemo- 
globin, or deoxyhemoglobin, are used as syn- 
onyms for the molecule that has given up its 
oxygen 

Oxygenated hemoglobin or oxyhemoglobin is 
applied to the molecule that has oxygen mole- 
cules attached 

Methemoglobin, or ferrihemoglobin results 
when, by the action of oxidizing agents, the 
ferrous iron in the heme is changed to ferric 
iron (Fig 4 21) Normal blood contains about 
0 1% methemoglobin, but in cases of poisoning 
by drugs such as nitrites, chlorates, sulfanila- 
mides, etc , the percentage is increased So- 
called “toxic” cyanosis occurs when the more 
darkly colored methemoglobin amounts to 
about 3 g /lOO ml of blood Methylene blue, 
mjected into the blood stream, causes the for- 
mation of methemoglobin 

A hemochromogen of hemoglobin results 
when the heme containing the ferrous iron is 
combined with a denatured globm 

Cathemoglobin is a compound of heme con- 
taining ferric iron with denatured globm 

Each of the various heme pigments and de- 
rivatives of hemoglobin has a characteristic 
absorption spectrum, thus, they may be 
readily identified and measured by appro- 
priate spectrophotometric techniques The 
major absorption bands of a few compounds 
are listed in Table 4 6 

Carbon Dioxide. Hemoglobin is of consider- 
able importance m the carnage of carbon di- 
oxide By virtue of the Bohr effect (see above) 



Fig 4 21 


Table 4 6 

Wavelengths at the points of maximum intensity of ab 
sorption bands of hemoglobin and its derivatives 


Compound 

No 

of 

Bands 

Situation of Wave 
Lengths of Absorp- 
tion Bands in 
Nanometer (nm ) 

Oxyhemoglobin 

2 

578 

542 

Reduced hemoglobm 

1 

565 


Carboxyhemoglobin 

2 

569 

539 

Sulfhemoglobin 

3 

618 

578 540 

Reduced heme 

2 

607 

582 

Cyanmethemoglobin 

1 

540 



oxygenation of the hemoglobin molecule causes 
the release of a proton This proton m turn 
reacts with bicarbonate to liberate CO 2 ac 
cording to the reaction outlined below 

HHB -f O^-KhO, -t- + HCO 3 - - 

H2CO3 ^ H2O + CO2 

The reactions take place in the lungs in the 
direction indicated, m the peripheral tissues 
the reverse reaction takes place and allows 
more CO 2 to be carried in venous blood About 
60 to 70% of the total CO 2 transport is ac- 
counted for by this mechanism Within the red 
cell a zinc-contammg enzyme, carbonic anhy- 
drase, greatly facilitates the transport of CO 2 
from the tissue to the lungs by its action in the 
reversible formation of H2CO3 

H 2 O + C02^H2C03 

A second way in which hemoglobin is impor- 
tant in the transport of carbon dioxide is 
through the formation of carbammo com- 
plexes 

RNH 2 + CO 2 RNHCOOH 

Deoxyhemoglobin binds more CO 2 as a carba- 
mino compound than does oxyhemoglobin, and 
thus, the shuttle of the hemoglobin between 
oxyhemoglobin and reduced hemoglobin pro- 
vides an additional mechanism for the trans- 
port of CO 2 

Carbon Monoxide. Carbon monoxide unites 
with hemoglobin in the same proportions as 
does oxygen, competing successfully with the 
latter for hemoglobm and displacing oxygen 
volume for volume to form carboxyhemo- 
globin Unlike oxygen, however, the combina- 
tion of carbon monoxide with hemoglobm re- 
sults in a stable compound which can be dis- 
rupted only with the greatest difficulty The 
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much greater a\id!t\ (between iOi) and 2hU 
times) which hemoglobin shows lor carbon 
monoxide renders the gas highh dangerous 
Nitric oxide gas also has a strong alfinitv tor 
hemoglobin and forms a stable compound with 
it As with methemoglobm and carboxyhemo- 
globm, m the presence ol nunc oxide-hemo- 
globin there is an increased allmitv lor o\\gen 
b\ hemoglobin (Drabkin 1950) 

Hydrogen Sulfide. Sulfhemoglobin a green 
compound re.5ulting from the reaction of ler- 
rohemoglobin with hydrogen sullide, ordinarily 
occurs only when blood undergoes putrefac- 
tion Certain drugs, however, notablv aceta- 
nilid and phenacetm, sensitize hemoglobin so 
that it combines more readily with hydrogen 
sulfide Small quantities of the gas that are 
absorbed from the alimentary canal may then 
cause sulfhemoglobin to reach a relatively high 
concentration in the circulation, resulting in a 
bluish or mauve tint to the skin So-called en- 
terogenous cyanosis occurs when sulfhemo- 
globin amounts to 3 to 5 g /lOO ml of blood 

OTHER HEME COMPOUNDS 

Cytochrome. Cytochromes are heme com- 
pounds that are widely distributed m the tis- 
sues of plants and animals, where they play a 
fundamental role in cellular respiration Oxi- 
dation of one of the cytochromes by molecular 
oxygen ultimately results, after a series of cou- 
pled oxidation-reduction reactions, in oxida- 


tion of a substrate thereby making energy 
available to the organism The function of 
hemoglobin by contrast is to deliver oxygen 
to the cells so that these reactions will take 
place 

Myoglobin Myoglobin the pigment of 
muscle resembles hemoglobin in its function 
It is the simplest example of a respiratory 
heme protein, since the molecule consists of 
but one polv peptide chain and one heme 
group It has a molecular weight of about 
17 000, the iron content is 0 32T It acts as an 
oxygen reservoir within the muscle fiber Since 
it has a higher capability for oxygen binding 
than does hemoglobin, it becomes oxygenated 
more rapidly than hemoglobin at any given 
Po 2 (Antonmi, 19651 

PorphyTia Disorders of porphyrin metabo- 
lism, in which abnormal porphyTins or large 
quantities of normal porphyrins are excreted, 
are collectively knowm as porphyrias The in- 
herited (piimary) abnormalities of porphyrin 
metabolism are customarily classified as eryth- 
ropoietic porphyria, acute intermittent (he- 
patic) porphyria, porphyria cutanea tarda, and 
mixed (hepatic-cutaneous) porphyria The 
term porphyrinuria refers simply to the in- 
creased excretion of porphyrms in the urine, 
whether this be on a primary or secondary (ac- 
quired) basis Detailed descriptions of these 
disorders may be found in cited references 
(Hams, 1970) 



5 / TRANSFUSIONS: 
THE BLOOD GROUPS 


Blood transfusion is required to maintain 
adequate oxygen transport in anemia and to 
restore the blood volume after hemorrhage 
from trauma or disease Different fluids have 
been used for these purposes physiological sa- 
line, solutions containing compounds of high 
molecular weight such as polyvinylpyrrolidone 
and dextran, plasma fractions, concentrated 
^ed cells, whole blood, and washed red cells Of 
these, only adequately preserved red cells can 
restore oxygen transport Substances of small 
molecular weight maintain the blood volume 
for only a short time, whereas solutes of large 
molecular weight remain in the circulation for 
a longer time and may produce toxic reactions 

CONSIDERATIONS FOR BLOOD 
TRANSFUSION 

Transfusion techniques are relatively safe 
providing certain precautions are taken 
Careful selection of donors is important to 
avoid transmission of homologous serum jaun- 
dice, malaria, and syphilis (Blood is now 
tested for the presence of the Australian an- 
tigen, although its exact nature has not been 
established, its presence is closely associated 
with serum hepatitis ) The blood must be 
sterile The blood transfusion is immunologi- 
cally satisfactory when neither the recipient 
nor the donor blood cells are destroyed by an- 
tibodies in donor or recipient plasma, and 
when the transfused cells do not stimulate an- 
tibody formation in the recipient The major 
consideration in blood transfusion is the deter- 
mination of blood groups of the donor and the 
recipient and selection of compatible donor 
blood Landstemer (see 1936) at the turn of the 
century, described the ABO blood group 
system along with many of the basic facts re- 
^rding the immunological reactions of the 
^ythiQcytes. Usually, a blood transfusion will 
^ bhhically accepteble (successful) if ABO 


and Rh compatible blood is used However, 
there exists a potential for immunization from 
other blood group antigens (Mollison, 1967, 
Schmidt, 1969, Strumia et al , 1963) 

Blood Groyps 

Lanstemer (1936) and others classified blood 
into four groups, A, B, AB, and 0 The classifi- 
cation IS based on the antigenic nature of the 
red cells Other blood groups were later discov- 
ered, including M, N, P, and many more 

Most erythrocyte antigens are not clinically 
significant except m rare cases In some in- 
stances, however, they may be responsible for 
transfusion reactions and hemolytic disease of 
the newborn (see below) Table 4 7 shows most 
of the human blood group systems and some of 
the related antigens within each system Table 
4 8 shows the incidence of various antigens in 
the general American population Blood group 
antigens are m the cell membrane 

Certain antigens are characteristic of ethnic 
groups—e g , the D (Rho) antigen is present in 
approximately 85% of the Caucasian popula- 
tion, but is present m 95% of the Negro and 
100% of the Oriental and the American Indian 
population A complete discussion of all anti- 
genic systems is beyond the scope of this 
chapter Emphasis will be placed on systems 
of greatest clinical importance 

THE ABO SYSTEM 

Deterhiination of Groups When antigen A 
IS present on cells, they react with serum that 
contains corresponding antibodies called anti- 
A, so that large numbers of cells clump to- 
gether (agglutinate) This reaction is the same 
as that between any antigen and its anti- 
body Similarly, cells with antigen B will react 
with anti-B antibodies Cells containing A and 
B antigens are agglutinated by either anti- 
body, cells without A or B antigens (group 0 
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Blood group antigens in man 



Aptigens Detected o\ 

System 

Positive reaction 
with specific 
antibody 

Posit \e re 
action with 
one anti" 
bod\ nega 
ti\e with 
dnuther-* 

A.AjBO 


*^2 A, 

and other 
A and B 

\ ananas 

MNSs 

M,N,S,s, L.M', 

M. X., 


M,, Tm, 

Hu, He, 

Vw(Gr), Mur, 
Hil, \r, Ri\ 
St^ CP, 

Ny®, Sul, Sj 

M® M , S. 

P 

Pi, pk, Luke* 

P 2 

Rh 

D, C, c, C"' C*, 

D“, C^ E“. 


E, c, c®(VS), 

man\ 


E'^, G, ce, ce® 

other var- 


(V), Ce, CE, 

lant forms 


cE, D-, E^, 

of D, C c 


LW* 

and e 

Lutheran 

Lu®, Ku^ 


Kell 

K, k, Kp®, Kp^ 
Js®, Js‘’ 


Lewis 

Le®, Le^’ 


Duffy 

Fy®, Fy^ 


Kidd 

Jk®,’ Jk*’ 


Diego 

Di®, DP 


Yt 

Yt®, YP 


I 

1, 1 


Xg 

Xg® 


Dombrock 

Do® 


Veo' frequent 

Vel, Ge, Lan, 


antigens 

Co®, Gy®, At®, 
and several 
unpublished 
examples 


Very infrequent 

Levay, Wr®, 


antigens 

Be®, By, Sw®, 
Good, Bi, Tr®, 
Wb, Bp®, Rd, 
Ls®, Box, Or, 
Ht®, Gf, Wu, 
and many 

unpublished 
examples 


Other antigens 

Au® (Auberger) 
Sra and Bu® 
(“allehc"’) Bg, 
Cs®, Chido, 
Sd®, Ul®, Go® 



From Race and Sanger, 1968 
° Recognizable only m favorable genotypes 
** A genetically mdependent part of the system 
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Table 4 8 

Ozcjnerze of D ood 
■^he ge'sera Ar^e' oar 

grouD an ge'''S -ir 
popalaro'^ 



Anttge^ Positive 

Negative 


ABO 

A 

4 ^ 

57 


B 

12 

■*^i5 

MNSs 

\f 

7S 

22 


\ 

74 

2*5 


S 

5o 

45 


b 

89 

11 

P 

p. 

79 

21 

Rh 

C 

68 

32 


c 

SI 

19 


D 

S5 

15 


E 

29 

71 


e 

9S 

2 

Lutheran 

Lu® 

3 

92 



99 8 

0 2 

Kell 

K 

9 

91 


k 

99 8 

02 

Lew lb 

Le® 

22 

78 


Le" 

72 

28 

Duffv 

F>® 

66 

34 


Fy^ 

83 

17 

Kidd 

Jk® 

75 

25 



75 

25 


cells) do not agglutinate with either antibody 
These findings led to the formulation of the so- 
called “ Lands temer’s law/' namely that m the 
plasma of persons with cell group A, anti-B 
antibodies are present, m the plasma of per- 
sons with ceil group B, there are anti-A anti- 
bodies, group AB blood contains neither anti- 
A nor anti-B antibodies, and group 0 blood 
contains both anti-A and anti-B antibodies 
(Table 4 9) Obviously, if the serum from a 
person of group A is mixed with the cells of a 
person of group B, agglutination will occur If 
the same serum is added to group O ceils, no 
agglutination will occur The antibodies of the 
ABO system are naturally present m human 
plasma (or serum) but the mechanism of their 
production is uncertain 

Blood group antibodies (isoantibodies) are 
present m the y globulin fraction of the 
plasma By using two antisera, one containing 
anti-A and the other containing anti-B, it is 
possible to determine to which of the four 
groups of the ABO system any sample of blood 
belongs Agglutination of the ceils by only the 
anti-A serum shows that the cells are of group 
A, while agglutination only with anti-B serum 
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Table 4 9 

Antigens and antibodies of major blood groups 


Group 

Cells 

Contain 

Antigens 

Serum 

Contains 

Antibodies 

0 

0 

Anti-A and anti-B 

A 

A 

Anti-B 

B 

B 

Anti-A 

AB 

A and B 

Neither 


indicates that the ceils are of group B If agglu- 
tination occurs with both antisera, the cells are 
of group AB, and if agglutination does not 
occur with either antiserum, the cells are of 
group O 

Blood Group Antibodies. Isoantibodies fall 
into two groups based on sedimentation con- 
stants T he 19S globulins have a molecular 
weight of aSout 1, 000,”000~*They usually agglu- 
tinate red cells suspended in saline Th e 7S 
globulins have a molecular weight of about 
160,000 They agglutinate red cells only in a 
modified medium containing a high protein 
concentration or after treatment with certain 
enzymes Presence of the 7S globulin on the 
red cell surface can also be detected by the 
antigiobulm test of Coombs, Mourant, and 
Race (see next paragraph) The 7S globulins 
pass the placental barrier and may cause he- 
molytic disease of the newborn Agglutination 
or, in some cases when complement is present, 
hemolysis reveals the presence of antibodies on 
the red cell 

Antigiobulm (Coombs) Test. The antigiob- 
ulm test has been of great practical impor- 
tance in the field of blood transfusion and its 
application has enhanced our knowledge of 
blood group systems (Coombs et al , 1945, 
Bove, 1967, Mollison, 1967) Antihuman glob- 
ulin serum (Coombs serum) contains anti- 
bodies against human y globulin, and there- 
fore, it reacts with all human antibodies Red 
cells coated with 7S y globulin are not aggluti- 
nated because 7S y globulin is an ‘‘incom- 
plete” antibody However, upon the addition 
of Coombs serum to the reaction medium, ag- 
glutination occurs The action of the antigiob- 
ulm antibody may be visualized as a link that 
binds the blood group antibodies together, 
these in turn are bound to red cells which are 
thus agglutinated When the addition of anti- 
^obuhk serum to a sample of washed red cells 
a^gglutinatiom it indicates the presence 


of IS y globulin on the red cell surface (see 
Fig 4 22) When the test is properly con- 
ducted, the inference that the globulin is a 
specific antibody is permissible (Nonanti- 
body-caused, Coombs serum -induced aggluti- 
nation IS possible ) This test, called the direct 
Coombs test, is used to detect the presence of 
antibodies already bound to red blood cells, as 
in hemolytic disease of the newborn or “au- 
toimmune” acquired hemolytic anemia In 
contrast, in the indirect Coombs test, the anti- 
body coating of red cells is induced in vitro, 
using a known though incomplete antibody, to 
aid m blood typing or for purposes of antibody 
identification (using red cells of known anti- 
genic composition) (see Fig 4 22) 

Subgroups of A. The existence of subgroups 
of A, called Ai and Ag, reflects differences 
both qualitative and quantitative in the ex- 
pression of the A antigen on the surface of the 
red cells This terminology is somewhat con- 
fusing in that cells of group Ai contain both A 
and Al antigens, and cells of group Az contain 
only A antigen The use of an antiserum spe- 
cific for Al permits this distinction Group AB 
may be subdivided into AiB and AgB 
Inheritance of ABO Blood Groups. The 
gene 0 is an amorph It has no recognizable 
specific gene product It is now believed that 
there are 4 alleles, Ai, A 2 , B, and 0, and that 


Direct Indirect 

Antibody coating in vivo? Antibody in serum? 

Patient^blood 

Patient's cells Patient's serum and 
Normal group "o" cells 


Wash 


Incubate at 37®(in vitro) 

/ 

Wash 


Anti-globulin reagent 

/ \ 

Po^tive Negative 

Agglutination No\gglutination 

Fig 4 22 Direct and indirect Coombs test (From 
Bove 1967) 
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these yield 10 genotypes with 5 di'^tinguisiiable 
phenotypes {Table 4 10) 

Otiier Sources of Blood Group Antigens. 
The antigens are typically a part of the red ceil 
membrane, but many other body tissues and 
fluids can usually but not ahva\s produce sero- 
logical reactions with the A and B antigens 
The antigens on red ceils ha\e glyculipids, 
those in body fluids are polysaccharides The 
antigenic sites are probably chemicalK iden- 
tical Persons whose saliva, gastric juices, etc 
contain appreciable amounts of ABO antigens 
are classified as secretors as opposed to nonse- 
cretors Secretors of ABO do not ha\e the 
Lewis antigen (Le*), whereas most nonsecre- 
tors have this antigen on their erythrocytes 
and m their body fluids 

The A and B substances present m body 
fluids have a low nitrogen content (compared 
with protein) and high concentrations of re- 
ducing sugar and hexosammes Antigenic spec- 
ificity lies in the sugar component, e g group 
A specificity is associated with a-D-N-acetyl- 
galactosamine, whereas B specificity is asso- 
ciated with a-D-galactose 

M, N AND P ANTIGENS 

Landsteiner and Levine (1928) demonstrated 
the existence of additional antigens, M, N, and 
P By using anti-M and anti-N sera, cells may 
be classified as either M, N, or MN M and N 
are poor antigens in man, and anti-M and 
anti-N are rarely found in human sera An- 
tigen P IS of little clinical importance 
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THE RH BLOOD GROUP SYSTEM 

Land^temer and Wiener 11940, 1941) immu- 
nized rabbits and guinea pigs with the red 
ceils of a Rhesu'i monkey The resulting anti- 
serum produced agglutination in a large por- 
tion of the human red ceils studied, the re- 
sponsible human blood antigen was called Rh 
Indiyiduais ^\ith the antigen are Rh-positive 
About 85T of Caucasians are po&iti\e and 15T 
are Rh-negati\e There are seyeral Rh anti- 
gens ‘'Rh-positne ’ and 'Rh-negatiye ’ refer to 
the presence or absence of the most important, 
the D antigen 

There is no known antigenic stimulus that 
accounts for the production of antibodies of 
the ABO system In contrast, antibodies to the 
Rh antigen are almost always produced by 
exposure to the foreign” Rh antigen, but only 
by those indiyiduais who lack the corre- 
sponding antigen Isoimmunization occurs in 
tw^o ways i) a transfusion of Rh-positi\e red 
cells to an Rh-negatiye recipient, or 2) the 
transplacental displacement of Rh-positive 
ceils of the fetus into an Rh-negative mother 

Hemolytic Disease of the Newborn 
(HDN). Hemolytic disease of the newborn or 
erythroblastosis fetalis is a serious complica- 
tion of pregnancy affecting the fetus m utero 
The child may be born dead or with hemolytic 
anemia High concentrations of bilirubin, a 
degradation product of hemoglobin, may 
damage brain cells and produce a condition 
called kernictems 

The sequence of events causing hemolytic 
disease of the newborn is as follows an RH- 
negative mother conceiyes from an Rh-positive 
father, and an Rh- positive fetus results In 
some manner, Rh-positive fetal cells enter the 
maternal circulation and stimulate production 
of anti-Rh antibodies The antibodies return to 
the fetus attacking fetal red cells in proportion 
to their avidity and concentration HDN 
usually IS not produced m first pregnancy, 
several Rh-positive pregnancies may take 
place before HDN develops During subse- 
quent pregnancies the antibodies increase m 
potency and cross the placental barrier into 
the fetal circulation They react with the fetal 
Rh-positive cells and destroy them A transfu- 
sion of Rh-positive cells to an Rh-negative 
woman years prior to a pregnancy increases 
the probability of HDN with later pregnancies 

Hemolytic disease of the newborn is treated 
by “exchange transfusion,” i e , by slowly re- 
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moving blood from the affected infant and 
simultaneously replacing it with Rh-negative 
blood By this procedure, the anti-Rh anti- 
bodies are removed along with bilirubin 
Within a few weeks the transfused cells are 
removed from the circulation and are replaced 
by the infant’s own Rh-positive cells Recently, 
in an attempt to reduce the number of still- 
births due to HDN, Rh-negative blood has 
been infused into the abdominal cavity of the 
fetus in utero The transfused cells are ab- 
sorbed into the fetal circulation, where they 
circulate without being attacked by the anti- 
Rh antibodies 

In addition to the various forms of therapy 
for the established disease, an approach to 
prophylaxis is now possible through the appli- 
cation of the principle of “antibody-mediated 
immunosuppression ” Pollack et al (1969) 
have administered Rh-positive antibodies to 
previously nonimmunized Rh-negative women 
following delivery The passively administered 
Rh antibodies prevent Rh antibody formation 
(Pollack et al , 1969) This principle of preven- 
tion may be applicable in other conditions 

Hemolytic disease may also result from 
ABO incompatibility between mother and fe- 
tus, but this is usually milder than that caused 
by Rh incompatibility In rare cases other anti- 
bodies are responsible 

Nomenclature. Shortly after the discovery 
of the Rh antigen a number of related antigens 
were found Two systems of nomenclature, 
based on slightly different concepts of the ge- 
netics of the Rh antigen, have been widely 
used to describe them (Race and Sanger, 1968) 
In recent years as many variants of the Rh 
antigen have been found, the terminology to 


describe these variants has become mcreas 
ingly complex (Wiener and Wexler, 1958) A 
third nomenclature, using numbers, has been 
proposed (Rosenfield et al , 1962) The reader 
is referred to the paper of Wiener and Wexler 
( 1958) for a discussion of the Rh nomenclature, 
to the paper of Fisher (see Race and Sanger, 
1968) for a discussion of the CDE nomencla 
ture, and to publications by Rosenfield and 
collaborators (1962) for a discussion of numeri 
cal terminology 

A complete discussion of all the Rh variants 
is not possible in this text, but a brief discus- 
sion of some of the more common ones follows 
Table 4 11 shows the reactions of the Rh anti 
gens with the more commonly available anti- 
sera 

According to Race and Sanger (1968) there 
are at least three sets of antigens C and c, D 
and d, E and e The corresponding antibodies 
are anti-C, anti-c, anti-D, anti-E, and anti-e 
Anti-d has not yet been found C antigen cor- 
responds to Wiener’s rh', D antigen to Rho, 
and E antigen to rh" The antigen combina- 
tion CDe corresponds to Wiener’s Rhi An Rh- 
negative type is shown as cde It should be 
noted that the use of lower case letters implies 
not only the absence of one of the Rh antigens, 
but also the presence of its reciprocal antigen 

D, or Rho, IS by far the strongest immuno- 
genic antigen In European populations most 
Rh- positive cells are CDe, or Rhi 

Reciprocality and Absence of Rh Anti- 
gens. There seems to be a reciprocal relation 
between blood groups in the Rh system, i e , 
the absence of a certain antigen implies the 
presence of another (reciprocal) For example, 
if there is no C antigen, then the c antigen 
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must be present, or the absence ot rh' .rrphes 
the presence of hr' The absence of the E (rh ') 
antigen implies the presence of e <lir 'l Anti-c 
and anti-e sera may be used to demonstrate 
the existence of the alternate e antigens One 
might expect that a d iHto) antigen exists as 
an alternative to the D |Hr) antigen, however 
its existence has never been demonstrated 

Very rarely are persons encountered in 
whom the Rh antigens are absent but set era! 
people who have no detectable representatives 

of an> of the Rh antigens le ( ) have 

been reported This is called an Rh null 

OTHER BLOOD GROUPS 

Other blood groups include Kell (Ki and 
Cellano (k) (which bear a reciprocal relation- 
ship) and Duffy {Fy% Fy*^), Diego (Di^), Lewis 
(Le^ Le^), Lutheran (Luh Lu^), and Kidd (Jk®, 
Jk’^) (Table 4 7) Some ‘private’" blood group 
antigens are infrequently seen in the general 
population, and positive reactions occur only 
m members of a particular family 

Transfusion of Blood 

EFFECTS OF INCOMPATIBLE 
TRANSFUSIONS 

When blood from a person of group A is 
transfused into a recipient ot group B, there 
are two possible ways by which agglutination 
of red cells may occur the anti-B antibodies of 
the donor may agglutinate the B cells of the 
recipient, or the anti-A antibodies of the recip- 
ient may agglutinate the A cells of the donor 
Generally the donor antibodies are so well di- 
luted in the recipient’s plasma that this type 
of agglutination is rare The antibodies m the 
recipient’s plasma, on the other hand, are only 
slightly diluted by the small amount of blood 
usually given, and readily react with the cells 
of the donor (Mollison, 1967, Schmidt, 1969) 

Reactions can ordinarily be avoided by 
transfusing group 0 blood, since these cells 
have neither A nor B antigens to be aggluti- 
nated by the recipient’s anti-A or anti-B anti- 
bodies The anti-A and anti-B antibodies 
present in 0 blood usually are diluted enough 
so there is no effect on the recipient’s cells, 
and the term “universal donor” has been ap- 
plied therefore to persons with group 0 blood 
Persons with group AB blood are sometimes 
called “universal recipients ” These terms are 
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misleading because some people with group O 
blood have high concentrations of anti-A or 
anti-B antibodies ot strong hemol\tic nature 
which despite dilution mav destrov recipient 
cells buch reactions can be avoided bv using 
washed red cells 

If blood of the “wxong s incompatible! ABO 
blood group is transfused a hemolvtic transfu- 
sion reaction is probable Destruction of red 
cells produces hemoglobmemia and hemoglobi- 
nuria Chilis fe\er, shock, renal insufficiency 
and death may ensue 

Routine crossmatchmg is performed onlv for 
the ABO and Rh sv stems therefore, isosensiti- 
zation may develop in recipients who receive 
donor red ceils that contain antigens wLich the 
recipient lacks i Table 4 111 

STORED BLOOD AND BLOOD 
COMPONENTS 

Fresh blood is rarely transfused today Blood 
IS usually collected and stored m the liquid or 
frozen state Liquid whole blood contains 
mam substances that may cause ad\ erse reac- 
tions, therefore, its routine clinical use has 
been repeatedly criticized Often it is recom- 
mended that only the required blood compo- 
nent be used Today wLole blood after collec- 
tion can be fractionated into its \arious com- 
ponents concentrated red cells, platelet-nch 
plasma or platelet concentrates, fresh frozen 
plasma, antihemophilic globulin or cryoprecip- 
itate, albumin, and various y globulin frac- 
tions Liquid-preservation, the principal 
method of storing red cells, extends the shelf- 
life of whole blood only to 3 to 4 weeks 
Freeze-preservation extends the shelf-hfe of 
red cells many months and perhaps indefi- 
nitely (Bishop and Surgenor, 1964, Valeri, 
1970)*^ 

Preservation Injury. Red cell preservation 
IS satisfactory when the transfused red cells 
circulate and function immediately after trans- 
fusion Preservation procedures involve use of 
a liquid medium with storage at 4° C, a freeze- 
preservation technique using various cryopro- 
tective agents and storage at either --80° C or 
-150° C, or a combination of the liquid- and 
freeze-preservation approaches Blood for 
freezing is collected in one of several liquid 
preservatives, acid -citrate -dextrose (ACD), cit- 
rate-phosphate-dextrose (CPD), ACD plus 
adenine, or CPD plus adenine with or without 
mosine, it is then frozen by one of a number of 
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procedures, stored at either -80° C or -150° 

C, thawed, and washed prior to transfusion 
Either previously frozen glycerolized red cells 
or nonfrozen red cells stored as concentrated 
red cells or as whole blood can be washed and 
resuspended in a nonplasma-crystalloid me- 
dium and stored at 4° C up to 24 hr prior to 
transfusion These manipulations, however, 
produce “preservation injury” which manifests 
itself m the form of severely and irreversibly 
damaged red cells that are removed from the 
recipient’s circulation at an accelerated rate 
during the transfusion and the 24-hr post- 
transfusion period Figure 4 23 shows that 
“preservation injury” affects only the 24-hr 
post-transfusion survival of preserved red cells 
Preservation injury is a composite effect that 
reflects a combination of lesions produced by 
the following conditions collection, storage in 
the liquid state prior to freezing, storage in the 
frozen state, freeze-thaw per se, red cell wash- 
ing, and storage after thawing in the liquid 
state with or without post-thaw washing or any 
other manipulation “Preservation injury” is to 
be distinguished from immunological incom- 
patibility between the donor red cells and the 
recipient 

With the in vitro compatibility tests cur- 
rently m use (saline, albumin, and antiglobulm 
crossmatching), red cell incompatibility can, 
with rare exception, be ruled out as the cause 
of the rapid removal of nonviable red cells 
during the 24-hr post-transfusion period 
There is no in vitro measurement, however, 
that can predict the 24-hr post- transfusion 
survival value of preserved red cells The rapid 
removal (phagocytosis) of nonviable but com- 
patible red cells suggests a defect in the red 
cell membrane recognized by the recipient’s 
reticuloendothelial system The rate of re- 
moval of damaged red cells during transfusion 
is affected by the recipient’s health seriously 
ill patients have an ineffective removal mecha- 
nism, whereas otherwise healthy recipients 
with accidental injuries promptly remove irre- 
versibly damaged red cells Furthermore, the 
method of preservation is a determining factor 
in the mechanism of removal of the nonviable 
red cells Liquid-preservation procedures (i e , 
collection and storage in either acid-citrate- 
dextrose (ACD), National Institutes of Health, 
Formula A or citrate -phosphate -dextrose 
(CFD) produce nonviable compatible red cells 
that are removed by extravascular sequestra- 
tion without intravascular liberation of extra- 
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Fig 4 23 The relationship between the fraction of red 
cells surviving after transfusion to storage time in ACD 


corpuscular hemoglobin Some freeze-preser- 
vation procedures may produce compatible but 
nonviable red cells that are removed with the 
intravascular liberation of hemoglobin from 
the cells (Valeri, 1970) 


LIFESPAN OF PRESERVED RED CELLS 

Nonviable red cells are removed during the 
24 hr following transfusion Figure 4 23 shows 
that red cells that remain m the circulation 
have a potential for normal long-term survival 
In vivo restoration of reversibly damaged 
liquid-stored or previously frozen red cells has 
also been demonstrated A rapid decrease m 
donor red cell sodium level and slow increase 
in donor red cell potassium concentration, to- 
gether with a change in red cell osmotic fra- 
gility towards normal indicate that preserved 
red cells are restored during circulation m the 
recipient A satisfactory preservation proce- 
dure maintains normal intracellular sodium 
and potassium levels and normal osmotic fra- 
gility until the time of transfusion Viable 
transfused red cells have a potential for 
normal lifespan, however, the lifespan may be 
adversely affected by the recipient’s intravas- 
cular environment, e g , certain immunologi- 
cal, chemical, and mechanical factors Post- 
transfusion mean lifespan of those red cells 
that are viable is not related to the preserva- 
tion technique nor to the length of storage in 
the liquid or frozen state 

FUNCTION OF PRESERVED RED CELLS 

“Preservation injury” may markedly affect 
oxygen transport by an increased affinity of 
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the hemoglobin tor o\\gen In blood collected 
m ACD the increased afimiU ior owgen 
correlated with a decrease in the I Vdi- 
phospho-D-gl> ceric acid ^DPG) concentration 
of the red cells I see chap 4) A slight decrease 
in the red cell adenosine triphosphate I ATP) 
level also occurs After transfusion there is m 
VIVO restoration of the oxv hemoglobin dissocia- 
tion curve usuallv within 24 hr and an in- 
creased 2,3 DPG concentration The quantitv 
and quality of the preserved red cells and the 
physical condition of the recipient determine 
the rate of in vivo restoration of the red ceil 
oxygen dissociation curve towards normal 

A relation has been observed between the 
oxyhemoglobin dissociation cur\e and the 
levels of red ceil organic phosphate compounds 
(ATP and 2,3 DPG) in blood preserved m 
acid-citrate-dextrose (ACD), ACD plus ade- 
nine, citrate-phosphate-dextrose (CPD), or 
CPD plus adenine The addition of p>Tuvate, 
inosine, and phosphate to these media replen- 
ishes the levels of red cell 2,3 DPG and ATP 
and restores toward normal the oxv hemoglobin 
dissociation curve 

After blood preserved for 15 days is trans- 
fused into anemic recipients there is progres- 
sive in vivo restoration towards normal ot 2,3 
DPG, ATP, potassium and sodium ion concen- 
trations Within 8 hr of the transfusion a res- 
toration of at least 25% of the final level of red 
cell 2,3 DPG occurs, and within 24 hr at least 
50% of the final level is achieved Thereafter, 
the increase in donor red cell 2,3 DPG is cur- 
vilinear and reaches a plateau usually within 9 
to 11 days after transfusion The ATP level of 
the transfused red cells rises rapidly during the 
first 24 hr , this rise is associated with a rapid 
fall in donor red cell sodium concentration 
Donor red cell potassium levels rise very 
slowly, and the increase m cellular potassium 
concentration appears to be related to the ab- 
solute level of red cell 2,3 DPG (Valeri, 1970) 

Current methods of freeze -preservation of 
human red cells mamtain normal levels of the 
organic phosphates It is now possible to com- 
bine liquid- and freeze-preservation methods 
to provide functioning red cells and help to 
resolve problems of imbalance of supply and 
demand for human red cells One can collect 
blood in CPD -adenine and store it for at least 
2 weeks at 4° C If the blood is not used during 
this initial period, pyruvate, inosme, and phos- 
phate can then be added to restore the 2,3 
DPG and ATP pools, after which the red cells 
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can be frozen using one of the ghcerol proce- 
dures Current methc^d^^ oi treeze-preservation 
of human ^ed cells use glycerol an intracel- 
lular crv opr itective substance therefore post- 
thaw washing is essential This reduces the 
amount ot adenme and inosine that might oth- 
erwise proauce untoward effects after mul- 
tiple-unit transtusions However, freezing 
human red cells immediateK upon collection 
obviates the need for purine nucleoside supple- 
mentation and permits separation ot whole 
blood into its components Each blood compo- 
nent can then be stored senarately using the 
appropriate technique for optimal preserva- 
tion 

Preservation and reconstitution techniques 
must also minimize the hemolysis that mav 
occur Haptoglobin of plasma binds hemo- 
globin If, m the course oi destruction ot nonvn- 
able red cells m vivo, the haptoglobin-bmdmg 
capacitv of plasma is exceeded there will be 
free extracorpuscular hemoglobin Bound he- 
moglobin IS cleared by the reticuloendothelial 
system Free extracorpuscular hemoglobin, 
either infused wuth the supernatant of the 
blood unit or liberated m vivo from the re- 
moved nonviabie red ceils, may saturate the 
hemoglobm-bmding capacity of the recipient 
and then if the tubular reabsorptive capacity 
of the kidney is exceeded, the excess free 
plasma hemoglobin will be excreted m the 
urine Hemoglobinuria can be tolerated bv 
normotensive, normovolemic subjects with 
normal renal function It may precipitate 
acute renal insufficiency, howwer if asso- 
ciated with hypotension, an increased secre- 
tion of the antidiuretic and renin-angiotensm 
hormones, dehydration, acidosis, or hemor- 
rhage 

If no intravascular hemolysis occurs, a lim- 
iting factor m the clinical acceptability of pre- 
served red cells is the amount of infused free 
supernatant hemoglobin This does not mean 
necessarily that hemoglobin is toxic, the 
damage may be produced by red cell stroma 
liberated simultaneously with the hemoglobin 
during hemolysis 

Some degree of in vitro hemolysis occurs 
with all types of preservation, resulting m the 
liberation of hemoglobin, potassium, enzymes, 
purine nucleotides, and the red cell mem- 
brane The presence of a significant amount of 
red ceil stroma (ghosts and fragments) may 
precipitate renal insufficiency by sludging m 
the microcirculation or by activating dissemi- 
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nated intravascular clotting. Intravenous po- 
tassium is potentially myocardiotoxic; thus, 
the amounts of these substances present in the 
preserved blood must be kept within safe 
limits. 

Washing frozen or nonfrozen red cells effec- 
tively removes in part 1 ) white cells and plate- 
lets; 2 ) isoagglutinins; 3 ) the anticoagulant 
preservative and red cell metabolites; and 4 ) 
plasma factors, protein and nonprotein (aller- 
gens, etc.). The clinical indications for the 
transfusion of washed red cells (liquid-pre- 
served or previously frozen) are: 

1 ) A history of febrile transfusion reaction, 
or urticarial and anaphylactoid transfu- 


sion reaction— attributable to recipient anti- 
bodies. 

2 ) The need to avoid overloading the circu- 
lation-caused by vasoconstrictor plasma sub- 
stances in preserved blood and excess sodium. 

3 ) Preparation for allografting procedures— 
because removal of platelets and leukocytes 
will minimize probability of presensitization to 
donor organ. 

4 ) Desire to reduce the probability of a graft 
vs. host reaction in recipients with immuno- 
logical deficiency diseases. 

5 ) Intention to decrease the probability of 
post-transfusion hepatitis by washing out the 
virus. 



3 HEMOLYSIS AND SUSPENSION 
STABILITY OF THE BLOOD 


HemoKsis m \itro results m escaoe ot hemo- 
globin trom the red cell into the surrounding 
medium whereas hemohsis m \ivo results m a 
reduction ot the lifespan ol red cells There are 
two mechanisms b\ which red cells ma\ be 
destroyed m vi\o 1) disruption or dissolution 
within the general circulation b\ the action ot 
immune bacterial, or chemical hsis resulting 
m intravascular hemolysis and liberation of 
hemoglobin into plasma, and 2) the more 
common sequestration of red cells m cells ot 
the reticuloendothelial svstem particularh m 
the spleen and liver, where the cellular hemo- 
globin IS degraded producing the clinical pic- 
ture of extrauascular hemolysis Two primar\ 
mechanisms for the red cell sequestration have 
been proposed a) by a surface adherence of 
the cells to the reticuloendothelial cells that 
line the blood vessels, followed by phagocv tosis 
(essentially a chemical or electrostatic proc- 
ess), or b) by simple filtration (essentially a 
physical process) (Jandl et al , 1961, Rifkind, 
1966) (See chap 3, spleen) 

Hemolysis in Vitro 

Hemolysis m vitro liberates red ceil constit- 
uents (eg, hemoglobin potassium purme 
nucleotides, and the red cell membrane- 
stroma) mto the supernatant fluid The eryth- 
rocyte membrane consisting of lipids, ions, 
proteins, and water is altered during hemol- 
ysis The membrane lipids include phospholip- 
ids, neutral lipids (free and estenfied choles- 
terol), and glycolipids The erythrocyte mem- 
brane composition of cholesterol and the lyso- 
lecithin-lecithm ratio are influenced by the 
plasma enzyme levels of lecithin-cholesterol 
acyltransferase and phosphatidases (Cooper 
and Jandl, 1968, Ferber et al , 1970, Jeannet 
and Hassig, 1964) The protein composition of 
the red cell membrane, especially the mem- 
brane sulfhydryl activity, is related to hemol- 
ysis both in vitro and in vivo (Jacob and 
Jandl, 1962) In the autohemolysis test sterile 


aetibnnated blood i- mcubatea at JT' C lur 24 
and 4S hr and the amount ot spontaneous 
hemohsis is determined The autohemoKsis 
test IS a nonspecitic te^^t and reilects the red 
cell metabolic and ph\>ical-st’"ucturai states 
iSelwvn and Dacie 1954> 

The permeabilitv oi the red cell membrane 
IS quite different trom that of the capiilarv 
membrane Cnder ohvsiolcjgicai conditions the 
membrane of human ervthrocvtes is imperme- 
able to hemoglobin to the plasma proteins 
and to the organic phosphate compounds but 
It does permit the passage oi water H’ NH4^, 
Cl" HCOa™ and PO3" It is permeable also to 
the Xa^ and K' 10ns, these ions exchange 
across the membrane and for each there is a 
specific energv -dependent gradient between 
the red cells and the plasma Under conditions 
which injure the red cell membrane, potassium 
escapes trom the cells and the potassium loss 
IS closely related to the hemoglobin loss 

OSMOTIC FRAGILITY 

The osmotic fragilitv test, an in vitro test to 
determine the susceptibiiii> of a red cell popu- 
lation to a h>potonic gradient, reflects the sur- 
face-to-volume ratio, intracellular osmotic 
pressure, and membrane permeability of the 
red ceil population Osmotic fragility in vitro 
IS influenced by 1) the suspending medium 
whose pH and tonicity are controlled, 2) the 
total number of intracellular osmoticaily active 
constituents w^hich determine cell volume m 
given external environment, and 3) the 
critical hemolytic volume (the mean red cell 
volume for the population tolerated before 
total hemolysis occurs), which vanes with 
quantitative and qualitative factors associated 
with the composition of membrane lipid and 
protein (Weed and Bowdler, 1966) Normal red 
cells swell when placed in 0 6% saline solution 
(osmolarity is 200 mosmole) with a controlled 
pH and temperature, although the mean red 
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cell volume increases, the intracellular hemo- 
globin does not escape (Normal plasma has an 
osmolarity of 300 mosmoles/liter, equivalent to 
a 0 9% NaCl solution ) Hemolysis begins at a 
salt concentration of about 0 42% when the red 
cell volume increases to about 145% of normal 
At 0 35% saline solution, the red cells are fully 
hemolyzed, the red cell volume is about 165% 
of normal (the critical hemolytic volume) The 
osmotic fragility test detects red cells with 
increased fragility in patients with intrinsic 
red cell abnormality (i e , hereditary spherocy- 
tosis) and with acquired spherocytosis (anti- 
body-coated red cells) Increased osmotic fra- 
gility may indicate a decreased surface-to- 
volume ratio of red cells (resulting from loss of 
red cell membrane cholesterol alone, or loss of 
red cell membrane fragments containing cho- 
lesterol and phospholipid) and an increase in 
membrane permeability to the sodium ion 
(hereditary spherocytosis) (Cooper and Jandl, 
1969, Jacob and Jandl, 1964, Jacob and Kar- 
novsky, 1967, Weed and Reed, 1966) 

Decreased osmotic fragility of red cells is 
usually associated with iron deficiency anemia, 
hereditary hemolytic disorders of thalassemia 
and sickle cell anemia, and liver disease with 
obstructive jaundice There is an increased 
surface-to-volume ratio, with an increased 
membrane cholesterol content secondary to 
decreased plasma lecithin-cholesterol acyl- 
transferase activity, in patients with elevated 
levels of bile salts, and there is a decreased 
mtracellular osmotic pressure from a decrease 
in the amount of hemoglobin in the red cells of 
patients with iron deficiency anemia (Cooper 
and Jandl, 1968, Wmtrobe, 1967) Osmotic 
hemolysis does not occur usually in vivo Nev- 
ertheless, the in vitro test of osmotic fragility 
has been helpful in the evaluation of red cell 
abnormalities 

ACID HEMOLYSIS 

Acid hemolysis is used in vitro to determine 
the susceptibility of red cells to a hydrogen ion 
gradient When the temperature and the os- 
motic pressure of the environment are mam- 
tamed constant, this test can be used to diag- 
nose an acquired defect of red cells called pa- 
roxysmal noctural hemoglobinuria The sensi- 
tivity of red cells to acid hemolysis can be de- 
tected by exposmg them to an acid environ- 
menh to thrombin, or to a low ionic medium 
(‘‘mipr- water test”) (Hartmann and Jenkins, 

im) 


IN VITRO CHEMICAL HEMOLYSIS 

Ether, chloroform, benzene, and alcohol 
hemolyze by dissolving the lipid constituents 
of the red cell membrane Surfactant sub- 
stances, such as bile salts, alkalis, and saponin, 
also cause hemolysis m vitro These phenom- 
ena, however, are of no clinical significance 

MECHANICAL FRAGILITY 
FILTERABILITY REVERSIBLE 
DEFORMABILITY, AND 
AGGLUTINABILITY OF RED CELLS 

Because red cells are subjected to mechan- 
ical trauma during normal circulation, in vitro 
tests capable of simulating the in vivo state 
are important A simple test of limited value 
has been developed to quantitate the mechan- 
ical fragility of red cells by standardized rota- 
tion of blood in a flask with glass beads Teitel 
(1965) has studied the disc-sphere transforma- 
tion and plasticity alteration of red blood cells 
by observing the filterability of washed red 
cells through filter paper under controlled 
conditions, in a variety of hematological condi- 
tions the results with this in vitro test corre- 
late with the in vivo survival data In addition, 
reversible deformability of red cells has been 
determined from the mean pressure required 
to deform the cells sufficiently to cause them 
to enter and traverse a micropipette analogue 
of the microcirculation (LaCelle, 1969, Weed, 
1970) The normal biconcave disc-shape of red 
cells with relatively higher surface area to 
volume ratio is more deformable than the 
spherical form of red cells The mean deforma- 
bility of preserved red cells at specific time 
mtervals correlates with their post-transfusion 
survival values (Haradm et al , 1969) Thus, 
shape and deformability of red cells largely 
determine their post-transfusion survival 
(Haradm et al , 1969, Teitel, 1965) 

Positively charged poly electrolytes (polyba- 
ses) induce agglutination of erythrocytes at 
very low concentrations (Markikovsky et al , 
1966) For example, positively charged polyly- 
sine attaches to N-acetylneuraminic acid, the 
major negatively charged component of the red 
cell membrane, thus, linking cells and pro- 
ducing agglutination The observation that 
“old red cells” have a reduced negative charge 
and are agglutinated more easily with polyly- 
sine than are “young red cells,” indicates a 
correlation between agglutination and the sur- 
face charge of the red cells 



Chapter 6 




j'"-''' j' 4_59 


M sr"' G j ' : r w’. c 

Hemolysis m \i\o is bebt deiined as short- 
ening ol the lifespan of erythrocvtes \\ith the 
exception of incompatible transfusions and 
some rare disorders, intravascular hemo^vsis 
with hemoglobinuria is uncommon Clearance 
of senescent or defective red cells from the 
blood IS usually performed bv the macronhages 
in the reticuloendothelial svstem (RES I (See 
chap 3) It IS now apparent that RES-medi- 
ated erythroc^de destruction involves the se- 
quential operation of at least three component 
processes 1) Injury’— the de\e!opment of a 
critical, prehemol>tic red ceil lesion mediated 
by normal red cell aging, by an mtracorpus- 
cular biochemical defect, or b> an extracorpus- 
cuiar agent 2) Sequestration — the selective fil- 
tration of injured red cells from the general 
circulation and their concentration within the 
vascular spaces of the RES 3) Red cell degra- 
dation by enzymatic digestion within the l>so- 
somal vasuoles of the reticuloendothelial mac- 
rophages (Rifkmd, 1966; Weed and Reed, 1966) 

INTRAVASCULAR HEMOLYSIS 

When the rate of hemolysis is excessive, as 
m blood transfusion reactions, in drug-induced 
hemolysis, and in malaria (blackwater fever), 
the plasma extracorpuscular hemoglobin 
cannot be converted into bilirubin as rapidly 
as it IS liberated, and hemoglobinuria may 
occur Extracorpuscular hemoglobin m plasma 
combines stoichiometrically with plasma hap- 
toglobin, a specific az globulin to form a he- 
moglobin-haptoglobin complex which is 
cleared from the circulation by the reticulo- 
endothelial system When the concentration of 
plasma extracorpuscular hemoglobin exceeds 
the hemoglobin -binding capacity and the tu- 
bular reabsorption capacity of the kidney, the 
excess “free” plasma hemoglobin will be fil- 
tered and excreted m the urine A port wine, 
dark brown, or black colored hemoglobin pig- 
ment may be produced by acid urine where 
hemoglobin may be converted into acid he- 
rn atm and methemoglobin 

Paroxysmal (Cold) Hemoglobinuria. The 
Donath-Landsteiner hemolysis test is pathog- 
nomonic for this disease The unique hemol- 
ysin responsible for this reaction is effective 
against all normal erythrocytes (a panhemoly- 
sin) and requires the following conditions m 
the reaction mixture for its full activity 1) 
complement, 2) chilling to fix the antibody to 


the red ceil and 3i subsequent warming to 
induce hemcdvsis sHarns, 

The Donath-Landbtemer hemoI>sm is 
u^uaiiv hut not aiwav‘> associated with a posi- 
tive reactu/n to the Wassermann test resulting 
from congenital or acquired svphilis It mav be 
present orlv transientU but it usaailv persists 
tor long periods oi time It mav or mav not 
disappear following antiiuetic therapv, and it 
has been shown to be seoarate from the Was- 
sermann factors responsible for the various 
biological tests for sv'phiiis In a few instances. 

It has been demonstrated for short periods fol- 
iownng infectious diseases I measles! The 
reason for the development ot the peculiar an- 
tibodv m an> of the situations m which it has 
appeared is not known In man> instances 
hemolvtic episodes have been produced b> the 
controlled chilling and warming of an ex- 
tremity in a susceptible patient with the Do- 
nath-Landsteiner hemolysin 

Paroxysmal Cold Memoglobmuria Asso- 
ciated with Cold Agglutinin. A second type 
of paroxysmal cold hemoglobinuria is distin- 
guishable by the presence of an abnormal 
amount of cold agglutinin Curiously enough, 
except under special conditions the agglutinin 
exhibits little or no l>1:ic activitv 

The clinical picture and the hematological 
changes noted mav follow very closely those 
described for the Donath-Landsteiner factor 
The patients are more apt to develop dermal 
manifestations, Raynaud’s phenomenon, frost- 
bite, and even gangrene of the extremities 
They are less likely to experience hemoglo- 
binuria with each paroxysm and are more 
likely to develop a chronically depressed he- 
matocrit and hemoglobin concentration asso- 
ciated with reticulocytosis and hemosiderm- 
uria The chronicity is obviously related to 
exposure and to climate In the Northern 
Hemisphere the changes may be noted only 
during the cold winter months Extraordinarily 
high titers of the agglutinin are associated with 
the syndrome With the exception of type I- 
negative erythrocytes all red cells are aggluti- 
nated by the cold antibody Since this blood 
type occurs in less than 1 in 10,000 individu- 
als, this antibody can be considered a panag- 
glutinin (Harris, 1970) 

March Hemoglobinuria. Hemolysis m vivo 
and hemoglobinuria may occur even m healthy 
pemons after strenuous walking or running In 
certain persons hemoglobinuria may follow 
relatively mild exercise The pigment in the 
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blood and urine is hemoglobin and not myo- 
globin No red cell abnormalities, hemolysins, 
or autoagglutmms have been demonstrated 
Hemoglobinuria occurs after hand trauma, as 
in the karate chop, suggesting that the dis- 
order IS related to mechanical trauma On the 
other hand, hemoglobinuria decreases during 
training in marathon runners and is aggra- 
vated by sway-back posture This hemolytic 
mechanism is not simple (Gilligan and Blum- 
gart, 1941) 

Nocturnal Hemoglobinuria of Marchia- 
fava In this third type of paroxysmal hemo- 
globinuria, hemoglobin or hemosiderin is 
passed almost continuously m the urine, but in 
greatest amounts at night It is accompanied 
by a severe hemolytic anemia The hemolysis 
IS caused by the susceptibility of red cells to 
acid, the greater destruction at night is attrib- 
uted to the accumulation of carbon dioxide 
during sleep The abnormal cells are hemo- 
lyzed when incubated in slightlv acidified 
normal serum or patient’s serum (Ham test), 
but the normal red cells are not destroyed by 
the patient’s serum The defect in the pa- 
tient’s red cells is unknown This S 3 mdrome 
may produce severe renal damage 

INFECTION AND HEMOLYSIS 

Three distinct uncommon hemolytic syn- 
dromes in patients with infection have been 
described 1) an acute, often lethal, intravas- 
cular hemolysis during blood-stream invasion 
by hemolysin-producing organisms such as 
Clostridium welchu, 2) direct infection of red 
cells by the red-cell-adherent organism Barto- 
nella bacilliformis, causing red cell trapping in 
the spleen and acute hemolytic anemia; and 3) 
an acute or chronic hemolytic anemia devel- 
oping during the convalescent or postconva- 
lescent phase of certain viral or bacterial infec- 
tions that stimulate autoantibodies against red 
cells Such hemolysis is usually attributable to 
cold agglutinins or to cold hemolysins 
The venom of certain poisonous snakes, such 
as the cobra, and the poisons of various 
stinging insects and spiders cause destruction 
of red cells Cobra snake venom liberates an 
enzyme phosphatidase A, which converts leci- 
thin to lysolecithin, a powerful hemolytic and 
cytolytic substance Since lecithin is present in 
erytepcytes^ plasma, and all cells, the en- 
of, ^A^e venom into the body stimu- 
lates productiPp of this hemolytic substance 
(Perbet ©t al^l97(lh 


Ssispeosioii StabilStY of Blood 

IN VITRO 

Sedimentation of freshly collected anticoa- 
gulated whole blood is governed by the hema- 
tocrit, the viscosity, and the composition of 
the plasma protein (primarily the fibrinogen 
and the a and 13 globulin levels) Whereas, al- 
bumin inhibits red cell sedimentation, large 
asymmetric molecules (fibrinogen and high 
molecular weight dextran) increase the sedi- 
mentation rate 

There are various methods of measuring the 
erythrocyte sedimentation rate (ESR) (Daw- 
son, 1960, Hardwicke and Squire, 1952, Wm- 
trobe, 1967) Because the relative quantities of 
plasma and red cells influence the sedimenta- 
tion rate, various methods to correct for the 
anemic state have been devised These 
methods may give misleading results since 
aggregation of the red corpuscles and size of 
the aggregated particles are far more impor 
tant factors in rapid and slow sedimentation 
than the degree of anemia Furthermore, dif- 
ferences in the size and hemoglobin content of 
the red corpuscles also effect the sedimenta 
tion rate, and these have been found to be as 
important as the plasma factors Variations m 
red cell size (anisocytosis) may interfere with 
rouleaux formation (pseudoagglutination, 
normal red cell tendency to cling together in 
chains), and variations in red cell shape (poi- 
kilocytosis) such as are encountered in sickle 
cell anemia actually prevent the formation of 
rouleaux Therefore, in sickle cell anemia sedi- 
mentation is very slow even when there is 
marked anemia The ESR is faster in normal 
females than in normal males It is a nonspe- 
cific reaction which may be compared with the 
body temperature, pulse rate, and leukocyte 
count for diagnostic purposes (Wintrobe, 1967) 
The conventional capillary tube method of 
measuring blood viscosity yields information 
applicable only to the circulatory dynamics in 
arteries and large arterioles The method de- 
tects changes in the concentration of red blood 
cells, and changes m the concentration and 
nature of the plasma proteins It does not de- 
tect aggregation of the blood elements, unless 
these aggregates approach in size the diameter 
of the capillary tube (usually 300 ^m) used for 
testing flow characteristics of the blood It 
seems likely that aggregates of blood elements, 
if sufficiently large and held together by suffi- 
ciently strong force, would occlude the smaller 
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arterioles, \enules, and capil'anes Ine'^t ^anie 
aggregates would not interiere th a 

blood through larger blood \efe^^els Agg’^egate^ 
which appear to meet these critena have oeen 
observed m vitro m blood that has been -toreu 
tor transtusions , during hvptUeriNive endo- 
toxin, and anaphv lactic shock, alter the inges- 
tion of large amounts oi tattv foods and alter 
the addition to blood oi large molecular we ght 
substances (dextrans gelatms and the I’^ei 
serotonin and adenosine diphosphate A screen 
filtration pressure method ha^ been designed 
to measure the adhesiveness and aggregation 
of blood ceils in an attempt to simulate the 
flow ot blood through the microcirculation 
(Swank et al , 1964) 

The stability ot preserved red ceils Inon- 
trozen or previouslv frozen) after washing ana 
storage at 4° C, for 24 hr is influenced bv the 
composition of the resuspension medium 
Plasma is not a satisfactorv medium because 
of the possible transmission of homologous 
serum jaundice Although an artificial medium 
having a pH of about 7 2 and containing albu- 
min, glucose, phosphate, and sodium chloride 
adequately maintains the stability of the red 
cells, it IS far from ideal as evidenced bv the 
above described in vitro measurements and 
their post-transfusion survival 

IN VIVO 

Normal erythrocytes possess remarkable 
deformability This is a subject oi great in- 
terest to those interested m the micro- 
circulation, because deformability is important 
m determining lifespan m vivo Knowledge of 
cellular deformability also provides insight 
into the pathophysiology of shortened red cell 
lifespan in many hemolytic anemias Altera- 
tions m the intrinsic physical properties of 
erythrocytes may also interfere with blood flow 
through the microcirculation (Merrill, 1969, 
Wells, 1964) 

Within the microcirculation, where the vital 
exchanges of oxygen and carbon dioxide take 
place, there are several factors m addition to 


tne .ntnns.i prunert.e^ ot the ’"ed ceii» tnem- 
>cKes ch ma" iUtiaerve tne^e Dhv^iuIogKal 
lurctH avnairuts vessel wall 

ana plasma p^oteiO'^ which mav alter 
the Ikwv nrf pe^tiO^ oi w?^oie oiond must be 
nurma. Wli* le bf nd is non-Xew^oP’an m its 
flu'd and tl( a characteristics When hemato- 
IS normal the hig^ v’scc»sit\ oi blooa at 
i'wv '-hear ’-a^es can be attributed nrimar A to 
I'brm. jger dependent rouleaux formation 
which is a tup.mun occurrence under condi- 
tions ot stagnation and can be disrupted bv 
increased shearuig forces Ruleaux formation 
IS enhanced bv fibrinogen and x globulin and 
IS inhibited bv albumin Certain pathological 
plasma proteins, such as those found in ma- 
crogiobulmemia or crvoglobulinemia, mav in- 
crease the blood viscosity and mav help oc- 
clude the microcirculation 

Prosthetic heart vahes mav produce a he- 
molytic anemia 

In addition, gram-negative sepsis and post- 
traumatic states mav initiate disseminated 
intravascular coagulation iDIC) with fibrin 
deposition m the microcirculation particuiarh 
ot the lung and the kidney This syndrome of 
‘ microangiopathic hemolytic anemia often 
appears very suddenly and is recognized by a 
distinct appearance of erythrocvtes which 
seem to be contracted, distorted, and some- 
times triangular ('‘helmet ceils ’ or “burr cells’') 
(Brain et al , 1962) It is encountered m a 
number of conditions characterized by necrotic 
lesions of the small v^essels (arteries and capil- 
laries), particularly m the kidnevs Micro- 
scopic examination reveals aggregated red cells 
( 'sludged blood”) m the small vessels Platelet 
destruction, intravascular coagulation, and de- 
fibrination may occur 

Circulation through the microvasculature is 
critically related to rheological properties of 
the blood (Merrill, 1969, Weils, 1964) The 
administration of low molecular weight dex- 
tran or albumin has been suggested to improve 
in VIVO the stability of red cells and the other 
constituents of blood 
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Introductiori 

In this chapter attention will be devoted to 
the neutrophilic granulocyte which plays such 
a central role in the defense against bacterial 
infection Clinical experience demonstrates the 
increased susceptibility to infection of individ- 
uals in whom the neutrophilic granulocyte 
count IS depressed below 1000/mm ^ This is 
particularly evident following whole body irra- 
diation of man or animals For example, one of 
the major causes of death m the Japanese ex- 
posed to lonizmg radiation from the nuclear 
bombs at Hiroshima and Nagasaki was bac- 
terial infection that followed aplasia of the 
bone marrow and marked depression in the 
granulocyte counts in the peripheral blood 
(Bond et al , 1965) There are also valuable 
drugs in the physician’s armamentarium that 
unfortunately produce bone marrow aplasia 
with granulocytopenia The role of the neutro- 
phil in defense against infection has long been 
known Its role in inflammation and defense 
was enunciated by Metchnikoff (1887) and 
emphasized by the ubiquitous presence of 
granulocytes in pus from all sources 
The nucleus of an adult granulocyte is com- 
posed of two or more lobes connected by 
strands of chromatin The cytoplasm contains 
granules that stain in a characteristic fashion 
They are of three types 1) The eosinophils 
constitute only about 2 to 4% of the total white 
cell count normally, their granules are oval, 
coarse, and stain bright red with acid dyes 
such as eosin These leukocytes increase in 
number during allergies, parasitic infections 
and idiopathic diseases 2) The basophils are 
present to the extent of only 0 15% or less, 
their granules are large and coarse and stain 
deeply with basic dyes, e g , methylene blue 
Their significance is not clear, although they 
appear to be related to heparin and histamine 
metabolism Eosinophils and basophils will not 
be discussed further here 3) The neutrophils 
ate by far the most numerous leukocyte in the 
blood of human beings. Blood leukocytes of a 
4~62 


normal individual are 65 to 70% neutrophils 
(the remaining being mononuclear leukocytes, 
that will be discussed in Chapter 9) The neu 
trophil granules are fine and stam a violet tint 
with neutral dyes The neutrophils are actively 
ameboid, are capable of locomotion, and have 
very active phagocytosis They measure about 
10 to 14 pm m diameter Their nuclei show a 
variable number of lobes The number of lobes 
IS called the Arneth count — the greater the 
number supposedly the older the cell This is 
an archaic concept and not useful 

GRANULOCYTE STRUCTURE 

Structurally the nuclei of all mature periph 
eral blood granulocytes are similar by light and 
electron microscopy Nuclear pores are seen, 
but they are not as prevalent as in the more 
mature of those cells that are still capable of 
mitotic division There is no clearcut evidence 
of transport between the cytoplasm and the 
nucleus There is no well-defined nucleolus 
Since m other cells the nucleolus is the origin 
of much of the cytoplasmic ribonucleic acid 
(RNA), it is probable that in neutrophils most 
major biosynthetic processes have ceased 
(Zucker-Franklm, 1968) Similarly, the Golgi 
body and centrioles are elementary and found 
with great difficulty 

Granules are membrane-bounded stmctures 
containing hydrolytic and oxidative enzymes 
characteristic of lysosomes (Cohn and Hirsch, 
1960) The neutrophil is a mature, motile cell 
laden with potent enzymes awaiting the oppor- 
tunity to perform its one obvious function of 
phagocytosis, a process discovered by Metch- 
nikoff (1887) During phagocytosis an orderly 
sequence of events takes place The granulo- 
cyte surrounds the particle to be phagocytized 
with pseudopods which fuse, engulfing the par- 
ticle into a vacuole limited by cell membrane 
Thus, the particle still occupies extracellular 
space although inside of the cytoplasm The 
neutrophilic granules (lysosomes) fuse to the 
membrane and mject their content of hydro- 
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i 3 /tic and oxidati\e enzymes into the phago- 
cvtic \aciiole This process is paralleled 
degranulation I Zucker-Franklin, 1968) 

During the process of phagoc\tosis there is a 
burst of both aerobic and anerobic metabolism, 
although glycol>sis is belie\ed to provide the 
energy necessary for this phagoc\tic acti\it\ 
(Karnovsky 1962) The hexosemonopho^^phate 
shunt IS rapidly acti\ated H>drogen peroxide 
IS generated Oxygenases that use molecular 
oxygen are present within the leukocyte and 
may be important m bacteria! killing After 
the phagocytosis and burst of enz\matic and 
respiratory activity, the h\drol>tic enzvmes 
are activated b> a fail in the pH 

Phagocytosis of a single bacterium causes a 
limited amount of degranulation Phagoc\tosis 
of 50 bacteria ma> produce complete degranu- 
lation and death of the phagocytic granulocyte 
that releases the lysosomal enzyme and hista> 
mine, and contributes to the various extracel- 
lular mediators of inflammation (Cline, 1970) 
A large number of granulocytes disappear from 
the blood daily and are destroyed without pro- 
ducing any detectable physiological or harmful 
effects Actually, the average number of granu- 
locytes destroyed per day m standard man (70 
kg) IS about 1 14 X 10“ This represents 
1600/mg /day or 66/mg /hr averaged out 
through the body Krogh (1922) estimates the 
filtration bed of the capillaries to be 6300 m 
If granulocytes leave through the capillary bed 
and die in the tissues this represents 
18/day/mm ^ of capillary bed The capillaries 
of the alveolae of the lungs are estimated to 
have a surface area of 140 m If granulocytes 
normally proceed through capillaries m pro- 
portion to the area of capillary bed about 4 5% 
of these granulocytes stray into the alveoli 
The lungs, however, are only 1 4% of body 
weight, and the alveoli represent a small frac- 
tion of lung weight Hence the alveoli are 
richly endowed normally with a large supply of 
granulocytes for a first line of defense against 
airborne bacteria 

Under some circumstances it is believed 
that the powerful enzymes of the neutrophil 
may be released and produce undesirable or 
severe painful pathological episodes For ex- 
ample m gout, urate crystals are deposited in 
joints and joint capsules producing mechanical 
irritation Neutrophils migrate into the area 
and phagocytize the crystals In the absence of 
an enzyme, uncase, the neutrophil is injured, 


empties its enzvmes and humoral mducers of 
intlammation into and around the ]Dmts and 
produce^ a violent pamlui inflammatorv re- 
sponse iXIaiawista 1965) It is also believed 
that chemotactiC influences e g antigen-an- 
tubodv reactions rrav attract neutrophils into 
tissues ijomts m rheamatotd arthritis, arteries 
in periarteritis nodosa kidnev m glomerulo- 
nephritis, etc I re&dlting m death ot the neu- 
trophil Subaeauent release of their enzvmes 
I including collagenasea and elastasesl mav be 
the cause of the necrotizing and severe milam- 
matorv lesions that tvpifv these diseases i Jan- 
off, 1960) 

The tissue release of these enzvmes never- 
theless serves a useful purpose at times Neu- 
trophils accumulate m areas of tissue destruc- 
tion following bums and trauma Through the 
release of coilagenases and other enz^ mes the> 
accomplish a debridement of necrotic tissues 

CHEMOTAXIS OF LEUKOCYTES 

Chemotaxis is a term that has been used to 
describe the directional locomotion of ceils 
towards chemical substances or particles m 
their environment The chemotaxis of phago- 
cytic cells can be looked upon as a phenom- 
enon of recognizing harmful foreign material 
such as bacteria or their products The ensuing 
directional migration of phagocytes towards 
the inducing agent probably serves as a first 
stage m the response of phagocytic cells to 
bacteria When m contact with the material, 
phagocytosis occurs There are many tech- 
niques for the measurement of chemotaxis in 
vitro and in vivo (Sorkm et al , 1970) Manv 
substances are not chemotactic per se but 
exert their effect by inducing formation of 
chemotactic mediators m fresh semm (Keller 
and Sorkm, 1965) It is believed that antigen 
antibody complexes and several fractions of 
complement interact to result in chemotaxis 
Cationic polypeptides from granules of poly- 
morphonuclear ceils increase the vascular 
permeability, cell adhesion to the vascular 
walls and infiltration of leukocytes into an in- 
flamed area (Golub and Spitznagel, 1966) One 
can imagme that the initiation of the inflam- 
matory response by a few granulocytes results 
in a local killing of a few granulocytes and re- 
lease of material from their granules, which m 
turn serves as a multiplication factor compa- 
rable to a chain reaction that attracts more 
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cells into the inflammatory area Chemotactic 
factors are specific for neutrophil and macro- 
phages, respectively 

THE INFLAMMATORY RESPONSE 

For centuries medical students have been 
taught the cardinal signs of inflammation — 
rubor, tumor, calore, and dolore (Celsus) In- 
flammation may progress to loss of function 
Histologically, one sees necrosis of cells, vaso- 
dilation locally, edema and accumulation of 
leukocytes The inflammatory reaction is one 
of the mechanisms of host defense against at- 
tack by bacterial and other agents As alluded 
to earlier, however, the inflammatory reaction 
may develop under other circumstances and 
become harmful to the host The inflammatory 
reaction is induced not only by cells but also 
by humoral agents released from cells, and 
produced by the leakage of specific plasma 
proteins into the area Classically the cellular 
events consist of margmation and sticking of 
leukocytes to the vessels, their transit through 
the vessel walls and migration into the inflam- 
matory area In general pathology, the acute 
inflammatory process commences with the 
terminal arterioles, capillaries, and venules 
The circulation at first is characterized by vas- 
odilation with increased capillary permeability 
and the leakage of plasma proteins Histamine 
release probably plays an early transient role 
in the inflammatory process by inducing in- 
creased capillary permeability In a later stage, 
during which leukocytes are infiltrating into 
the tissues, the blood flow is slowed and hem- 
orrhage may occur Serotonin may also be re- 
leased from platelets during their breakdown 
within tissue, and also could influence blood 
flow and leakage of plasma from the capillaries 
by a combination of arteriolar dilation and 
venular constriction (Majno and Palade, 1961) 
An exceptionally important humoral system 
in the inflammatory response is the production 
of hradykinin, a linear nonapeptide with a 
molecular weight of 1060 (Rocha e Silva, et al , 
1949, Elliott et al, 1961, Pierce and Webster, 
1961) Bradykinm is accepted as the most 
powerful pain producing agent known (Arms- 
trong et al , 1957) It is exceptionally potent in 
prodpcing arterial and venular dilatation by 
direct action on smooth muscle It thus partic- 
ipates in the inflammatory response in a 
almilar to histamine and serotonin but 
mnoh mme potent AH three induce separa- 


tion of intercellular junctions ot the venular 
endothelium, causing endothelial cells to con- 
tract and swell into the lumen of the vessel 
and pulling endothelial cells away from each 
other and exposing subendothelial tissue 
(Majno et al , 1969) Bradykinm is a prototype 
of several low molecular weight polypeptides 
(kmins) which are released from an inactive 
plasma aglobulin substrate called kinmogen by 
a number of enzymes that exist in the plasm 
and tissues called kallikreins The kallikreins 
in themselves must be activated in vivo al 
though this mechanism is not well-known The 
intricate interrelations of these systems have 
been analyzed (Donaldson, 1970, Miller and 
Melmon, 1970) The activation of the kalli 
krem-kinm-kminase system is related to a key 
blood coagulation factor, the Hageman factor 
(Margolis, 1958, Webster and Ratnoff, 1961) 
This is shown schematically in Figure 4 24 

Granolocytopoiesis 

THE BONE MARROW PRODUCTION 
OF GRANULOCYTES 

Approaches to the study of cell proliferation 
in the bone marrow were described in Chap 
ters 2 and 3 The characteristics of granule 
poiesis as a cell renewal system are shown in 
Table 4 12 The stem cell pool has been en 
dowed by the fountain of youth with immortal- 
ity, and continually replenishes itself and pro- 
vided cells for all differentiated hemopoietic 
cell lines by the action of feedback signals that 
starts the stem cell down an irreversible 
pathway In contract to the mfinate capability 
of stem cells to divide upon need, the differen- 
tiated cell lines have the capability of dividing 
only a finite number of times before some cy- 
toplasmic nuclear interaction causes them to 


KALLiKREIN KINIIM KININASE SYSTEM 


Blooding Clotting 
or Tissue Damage 


Inactive 

Hageman 

Factor 



Activated 

Hageman 

Factor 


Prekallikrem 

(Plasma) 


Granulocytes 


Kallikrein 


a.2 Globulin 
(Kinmogen)-' ' > ■ 


L. Kinin Peptides 
p— .>(Bradykinin), 


Non Plasma Kallikreins 


kminases 


Inactive 

Peptides 


a Proteolytic Enzymes 

(Trypsin Plasmin Components of complement) 


b Tissue Kallikreins 


Fig 4 24 Kallikrem-kininase system (From Miller 
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Cellular Pool 
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M'tutic Capabiiitv 

Stem ceil 

Stem cell 


Seli-perpematmg 

Multiplicative 

M^elobla''t ^Mi) 

Promveiocvte tM^i 
Mvelucvte^Ms ^ M*^ 

Amoi'fcation oi input 
and maturation 

F'liite number of 
mitoses allowed 

Maturation 

Metamvelocvte \\l^) 

Band fMe? 

Segmented ^M-^ 

Maturatm*^ 

None 

Functional 

Cell death 

Segmented m blood iM,} 
Random loss and pvknotm 
segmented granuiocvtes 

Fu'^c^xon fight mfectiun 
Random or senescent 
death 

None 


From Cronkite and Vincent, 1969 


cease cycling Two important transitions in 
the flow of cells from the stem cell to the blood 
granulocyte are shown The first is the in\is- 
ible but definite flow from the stem cell to the 
granulopoietic compartment Second, the mye- 
locyte-metamyelocyte transition represents the 
flow from the multiplicative compartment into 
the first part of the nondividmg maturation 
compartment This transition is clearly de- 
fined by the movement of labeled cells, from 
the proliferative compartment into the first 
stage of the nonproliferative compartment 
The statistical variability of this rate has not 
been established A single m vivo observation 
m man was 3 3%/hr (Cronkite et al , 1960), 
probably faster than normal because of infec- 
tion The third transition is the emergence of 
neutrophils into the blood, which can be meas- 
ured by the radioautographic appearance of 
labeled granulocytes m the blood The transi- 
tions from myeloblast to the promyelocyte and 
thence to the myelocyte cannot be observed 
directly, since pulse labeling with tntiated 
thymidine (^HTdR) simultaneously tags each 
of these stages The behavior of the stem cell 
pool and its regulation were discussed in 
Chapter 2 Recent observations suggest that 
granulopoiesis at stem cell level is controlled 
m a manner similar to erythropoiesis with a 
committed and pluripotent stem cell, the 
former in cycle and the latter primarily m Go 
(Rickard et al , 1971) The fine details on gran- 
ulocytopoiesis have been reviewed (Cronkite 
and Vincent, 1969) 

The observations required for a quantitative 
discussion of granulocytopoiesis are 1) the 
proportional distribution of cells within the 
bone marrow obtained by a marrow differen- 


tial count of sufficient ceils to attain reprodu- 
cibilit> in defining the ratio among the cyto- 
logicai compartments, 2} the absolute cellu- 
larit\ of bone marrow providing the number of 
dividing and nondividmg granulocvtic cells of 
the marrow per kilogram, data essential for 
computation of absolute production rates m 
the marrow (Donohue et al , 1958), 3) the mi- 
totic and/or th\midine labeling index with 
the respective mitotic and deoxyribonucleic 
acid (DNA) synthesis times (Str\chkmans et 
al , 1966) 

With these data one can estimate the fluxes 
into, the birth rate within, and the fluxes out 
of sequential cell compartments relative to the 
number of the most immature identifiable cell, 
the myeloblast as described m Chapter 2 In 
Table 4 13 the proportional distribution of 
cells in granuloc>topoiesis within the bone 
marrow^ is tabulated along with the m vitro 
labeling index, the number in synthesis (NJ, 
the fluxes into and out of each compartment 
and the birth rate (X*) within the compart- 
ments In earlier studies the smaller myelocyte 
M 4 was considered to be a more mature m\e- 
loc 3 d:e than Ms Present thinking places this 
cell as primarily a Gi myeiocvte (Cronkite and 
Vincent, 1969) Accordingly, in the estimation 
of the relative production Ms and M 4 are 
pooled Since the stem cell cannot be identi- 
fied its flux is omitted, hence, the relative 
production rates are underestimates Later the 
stem cell influx will be estimated indirectly 
The number of ceils appearing in Mg and those 
exiting M 4 are close There may be a small loss 
of cells in the production line particularly 
when the stem cell influx is considered In fact 
it has been postulated that granulocyte pro- 
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Table 4 13 ^ 

Distribution of granulocyte precursors in normal marrow 



M. 

Mg 

Mg -h M, 

Mg 

Me 

M7 

NO 

100 

283 

4720 

3784 

6227 

8964 

k 

0 153 

0 585 

0 22 

0 

0 

0 

Ns 

15 3 

165 

1023 

0 

0 

0 

K.„ 

V 

13 

15 1 

98" 

98 

98 

Kb 

13 

13 8 

85 2 

0 

0 

0 

Rout 

13 

15 1 

100 3 

98 

98 

98 


From Cronkite and Vincent, 1969 

“Average of five normal marrows after 30 mm incubation in vitro with ®HTdR Mi , myeloblast, Mj, 
promyelocyte, Mg, large myelocyte, M4, small myelocyte. Mg, metamyelocyte, Mg, band, M7, segmented 
granulocyte 

* Number in each compartment relative to Mi = 100 

^ 2 5/hr the turnover rate required to equal the absolute granulocyte turnover rate m the blood 


duction may in part be regulated by a con- 
trolled death function in such a way that 
turning off the death function- increases the 
output This notion suggests that cells die at 
the myelocyte level unless needed (Patt and 
Maloney, 1964) 

The relationship among flux out (Xout), flux 
through DNA synthesis (Ks) and stem cell flux 
into (Xin) in a system in which there are mul- 
tiple mitoses can be expressed thus 

Kout = 2" X, = 2" Xin (1) 

Xout = [S (2“- ^ + 2“-=^ -H 2“] + Xin (2) 

The first term is equal to 

2 NJTs = Ks (3) 

and 

Xout = X^ + X,u (4) 

where 

Ts ~ DNA synthesis time 
n = number of mitoses 

It follows that Xin IS also equal to the rate of 
entry of cells into, through, and out of any 
phase of the generative cycle. If not, then cells 
will pile up in a phase, and a steady state will 
not exist Aberrations in which cells pile up 
are characteristic of some abnormalities 
Equation (3) allows calculation of production 
rate without knowledge of the number of mi- 
toses because it requires only labeling of cells 
in DNA synthesis by the specific precursor, 
tritiated thymidine, and knowledge of DNA 
synthesis time However, as will be shown 


later, one can estimate the average number of 
mitoses utilizing the preceding equations 
The preceding concept and the data in 
Table 4 13 for the ratio of cells in DNA syn- 
thesis for myeloblast, promyelocytes, and mye 
locytes of 85 190 1100, or 1 2 2 13 mdicates 
that this ratio is best fitted by assigning ap 
proximately one mitosis to myeloblast and 
promyelocyte and two sequential mitoses m 
the myelocyte If each cell were to divide ac 
cordmgly, there would be an amplification 
factor of 16 from the stem cell However, there 
is no direct evidence that each cell committed 
to granulopoiesis actually divides four times 
before maturation and entering the first com- 
partment of the nonproliferatmg pool Mg, the 
metamyelocyte 

The blood granulocyte turnover rate (GTR) 
is 6 79 X lO'^/kg /hi If there is no loss between 
the myelocyte and the peripheral blood granu- 
locyte the marrow must make at least 6 79 x 
10 granulocytes/kg /hr The marrow myelo- 
cyte mass is 260 x lO'^/kg (Donohue et al, 
1958) From Table 4 13 it is seen that 0 22 of 
the myelocytes are in DNA synthesis, hence, 
the 

Ks = 2Ns/T, = (260 X 10’ X 0 22)/12 

= 4 76 X lO’/kg /hr 

The flux into the myelocyte pool must be 
Xin = Xout - Xb = 2 03 X lO’/kg /hr 
Rearranging equation (1) and substituting, 

^ loge(Xout/X J logo (6 79/2 03) , 

loge 2 


l0ge2 
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the a\erage number of mitoses at the m\eio- 
cvte level as deri\ed irom the \a!ues presentK 
available for GTR The average transit time 
through the myeloc>te compartment \vill be 91 
hr Cronkite and Vincent (19691 deduced that 
the generation time of myelocvte is about 52 
hr Of this the DNA svnthesis time is 12 hr , 
and G2 M IS 3 hr , leaving 37 hr tor G- The 
ratio of DNA synthesis time to generation 
time IS 0 23, close to the observed labeling 
index of 0 22 given m Table 4 13 These are 
current estimates not rigorous 1> proved bv 
human data and subject to revision as more 
information becomes available The examples 
are used to illustrate the principles involved 

In producing 6 79 x 10^ granuiocvtes/kg /hr 
(assuming no loss between the metam>elocv4:e 
and the emergence of granulocytes into the 
peripheral blood and using the absolute 
marrow ceilulanty of 270 ^ lO'^/kg for M5, 360 
X lO'^/kg for Me and 250 10“^ /kg for M7J 

the respective turnover rates must be 2 5G/hr , 
1 9%/hr , and 2 7%/hr and the respective turn- 
over times are 40, 53, and 37 hr This is illus- 
trated in Figure 4 25 

A major discrepancy exists between the rela- 
tive data on distribution of nondividing granu- 
locytes m the marrow and the absolute number 
used in the calculations of the preceding para- 
graph and shown m Figure 4 25 When similar 
computations are made on a basis of relative 
numbers in Table 4 13, the following times are 
obtained 40, 66, and 94 hr , respectively for Mg, 
Mg, and M? with turnover rates of 2 5%, 1 5 
and 1 06 %/hr There is no obvious explanation 
to date for this discrepancy, except that one or 
another observation is in error 


Non Proliferating Compartment 



Normal 

“5 

Me 

M 7 

N5=270 

Ng=360 

Hj=250 

T 5 = 40 

T 6 = 53 

37 


^out 


I 


130 hours 

T ^ 

Km =Koy^ =679 xlO^/Kg/Hr 

Fig 4 25 Compartment size (N) and transit time (T) 
for the nonproliferatmg granulopoietic compartment 
based on absolute cedularity m cell per Kilogram body 
weight 


The number of segmented granulocytes 
stored m the marrow is about lour times the 
number m the blood The total number of 
stored granulocyte^ in the entire nonproiifer- 
ating compartment iM^ - Mg - M7^ is about 
12 5 times the number m the blood Upon 
demand a phvsiolog.ca! mechanism exists 
which releases the mature granulocytes quickly 
into the blood and accelerates the maturation 
ot the rest of the storage compartment, with a 
resulting shortening oi the emergence time of 
cells labeled at the myelocvte level (Fiiedner 
et al 1964bl The chemical factor responsible 
for the rapid release has been termed the leu- 
kocytosis inducing factor I Gordon et al , 
1960a) A sustained granulocyte turnover rate 
requires accelerated cell production and re- 
lease (Lapm et al ,1969) 

THE BLOOD GRANULOCYTE 

Knowledge of the behavior of the blood 
granulocyte has accrued primarily from the use 
oi diisopropyiflurophosphate (DF^T) labeling 
of granulocytes followed by autotransfusion of 
the labeled ceils and observation of their diiu-" 
tion and disappearance rate (CartwTight et al, 
1964) The flow of ^HTdR labeled cells from 
the marrow into the blood (Fiiedner et al , 
1964a,b, Cronkite and Vincent, 1969) has also 
given considerable insight into the behavior of 
the blood granulocyte The rapid granulocy- 
tosis produced bv exercise or adrenalin has 
long been thought to be due to the rapid mobi- 
lization of a pool of readily available mature 
granulocytes m the blood The ‘‘margmation' 
of granulocytes in areas of the circulation 
where the blood flow is relatively slow is an old 
observation (Vejlens, 1938) From the DF®T 
labeling of an individuaFs granulocytes fol- 
lowed by autotransfusion, it has been directly 
shown by dilution that the blood contains a 
circulating granulocyte pool (CGP) and a mar- 
ginal granulocyte pool (MGP), and that the 
sum of these equals the total blood granulocyte 
pool (TBGP) The ratio of the CGP to the 
TBGP is 0 44 with a range of 0 16 to 0 99 An 
equilibrium between the CGP and MGP is 
attained rapidly after introduction of labeled 
granulocytes into the circulation. The disap- 
pearance of autotransfused DF^^P labeled cells 
is random with a half-time (TI2) of 6 7 hr 
(Athens et al , 1961), The notion that the loss 
of granulocytes of the blood is random is di- 
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Table 4 14 

The total blood granulocyte pool (TBGP) circulating 
granulocyte pool (CGP) marginal granulocyte pool 
(MGP) halftime disappearance (T^^) and granulocyte 
turnover rate (GTR) in normal subjects 


Determination 

No of 
subjects 

Mean 

95% 

limits 

TBGP x cells/kg 

100 

70 

14-160 

CGP x lO’' cells/kg 

109 

31 

11-46 

MGP X 10^ cells/kg 

109 

39 

0-85 

T ¥ in hours 

56 

67 

4-10 

GTR X cells/kg /day 

56 

163 

50-340 


From Cartwright et al , 1964 


rectly supported by the observation that 
^HTdR labeled granulocytes appear m the 
blood and extravascular sites such as saliva 
simultaneously (Fliedner et al , 1964b) Blood 
granulocytes also die by a process of senes- 
cence This was demonstrated by the appear- 
ance of labeled pyknotic (dying) forms seen in 
the peripheral blood 30 hr after labeled gran- 
ulocytes first appeared in the blood Thus, the 
random loss of granulocytes from the blood is 
truncated by senescent loss about 30 hr after 
the entrance of the cells into the blood 
(Fliedner et al , 1964b) In Table 4 14 the 
values on measurement of the various com- 
partments of the blood granulocyte pool are 
tabulated The fractional turnover rate per 
hour (X) for a compartment from which there 
is random loss is loge - T ¥2 The reciprocal of 
X is the average time spent in the compart- 
ment The granulocyte turnover rate (GTR) is 
therefore, 

GTR = TBGP X X = 6 79 X 10^/kg /hr 
X = 0 103/hr 
1/X =97 hr 

The GTR is 67 x lO'^Ag/hr or 163 x lOV 
kg /day 

It has always been tacitly assumed that the 
instantaneous marrow production rate (MPR) 
equals the marrow release rate (MRP) equals 
the granulocyte turnover rate (GTR) in the 
blood The notion of such a steady state where 
instantaneous production and turnover rates 
are equal is incompatible with the observation 
of a long term oscillation of the granulocyte 
0mmt in the blood of normal men (Morley, 
Frto peak to peak the granulocyte os- 
in the p^ipheral blood yanes from 14 


to 23 days This cycling is considered as being 
compatible with a system that has a negative 
feedback circuit acting on the marrow stem 
cell (self perpetuating level) with a time dela> 
corresponding to the time from induction of 
the stem cell into granulopoiesis until it ap- 
pears in the blood as a granulocyte The time 
delay would approximate half of the cycle 
time Intuitively one might expect a normal 
cycling of the blood granulocyte concentration 
since many tissues are in a state of flux, the size 
varying with changes in rate of production on 
one hand or m the rates of disappearance on 
the other hand, and regulated by need and use 
With the reasonable establishment of a granu- 
locyte cycle in the blood, steady-state calcula 
tions of granulocyte kinetics should be based 
on the average production and granulocyte 
turnover rate through an entire cycle rather 
than at any single point m time MPR will 
equal GTR at some time later when the cells 
produced at time (td are being destroyed m 
the blood The periodic state is shown in 
Figure 4 26 Although the actual curve of the 
variation of the granulocyte concentration with 
time (solid line) does not conform to a sine 
wave it IS shown thus for simplicity The recip- 
rocal of this curve, the dotted line, represents 
the strength of the signal that drives stem cells 
down the granulopoietic pathway This signal 
presumably initiates a complex sequence of 


DEGREES 



Fig 4 26 Diagram of concept of cyclic variations in 
the blood granulocyte concentration based on the obser 
vations of Morley Granulocyte concentration is shown as 
a solid line and the strength of a hypothetical signal stimu 
lating granulopoiesis is shown as a broken line Sine 
waves have been used in this model although in fact the 
shape of the curves is probably more complex than this 
The cycle length is 20 days and the time delay from 
maximum signal to maximum response is 10 days 
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biochemical e\ent^ that constitute the process 
of differentiation into a cell t\pe characterized 
bv the numerous specii’c proteins enzsines 
granules, and organelles as described m the 
earlier part of this chapter In keeping with 
contemporary knowledge on transfer ot bio- 
chemical codes, the signal is almost certamK 
chemical and initiates the derepression oi 
transcription sites for m-RXA coded lor the 
enzymes and proteins that are characteristic oi 
the cell line Since manv specific proteins and 
enzymes are going to be synthesized it is con- 
ceivable that the chemical signal derepresses 
the transcription sites for a single protein, and 
that the subsequent cascade of derepression ot 
transcription sites for different proteins is re- 
lated to repression of other sites by successive 
protein products These, m turn, after at- 
taining a specific concentration ma\ suppress 
their own transcription sites by product ’ in- 
hibition, analogous to that suggested for mean 
corpuscular hemoglobin concentration in 
turning off ceil cycling m erythropoiesis (Chap 
3) 

Several factors influence the TBGP, CGP, 
MGP, and GTR Adrenal corticosteroids in- 
crease the total granulocyte count apparently 
bv a combination of increase m MRR and a 
decreased efflux from the blood (Bishop et al 
1968) Bacterial endotoxin produces a granulo- 
cytosis preceded by a fleeting granulocyto- 
penia with shift m cells from the CGP to 
MGP This IS followed by an absolute increase 
in TBGP with a decrease in granulocytic spe- 
cific activity of the labeled cells, indicating an 
increased MRR of uniabeled cells (Athens et 
al , 1961) The TBGP is increased m infection 
where the half-time m the blood is usually pro- 
longed, and GTR is always increased This 
mcreased GTR demands an increase in MRR 
and MPR as described earlier 

When there is a sustained granulocytosis the 
mean age of the granulocyte m the blood 
measured from the last myelocyte mitosis is 
younger Probably these cells have not reached 
the degree of effeteness described m the first 
section on the granulocyte structure, and thus, 
may have a longer life that perhaps explains 
the longer half-time of granulocytes m the 
blood during infection 

The reserve granulocytes available to be 
drawn on m time of need are the mature gran- 
ulocytes m the marrow, the number of which is 
about four times the number present m the 


neripherai blood The total nonproliteratmg 
pofU ot marrow ceils is about 12 5 times the 
number present in the blood Cells leave the 
marrciW more or les^ b\ a ‘"pipeline ’ process 
the older cells being released first i Maloney 
and Patt, i9bS) The time needed for a ceil 
labeled with tntiated thymidine as a myeio- 
cvte to appear m the uenpherai blood is de- 
fined the emergence time ir vanes between 
96 and 144 hr normalK It can be shortened to 
4S hr under the stress of bacteria! infection 
«Fiiedner et al I964ai 

FACTORS RELATED TO REGULATION “ 

OF GRANULOPOIESIS 

In Figure 4 27 an ideaii/ed scheme oi granu- 
lopoiesis IS presented The ordinate shows the 
flux of cells as lOvkg .Tir and the abscissa the 
time from entry oi a stem cell into granulo- 
poiesis From the stem cell to the metamvelo- 
cvte the transit time is 138 hr During the 
normal periodic state the stem ceil influx will 
vary as described earlier, and will giv^e rise 
about 288 hr later to a rising or falling input 
into the peripheral blood, which in turn deter- 
mines the concentration of granulocytes m the 
blood The rigid scheme shows a 16-fold ampli- 
fication ot the stem cel! input if each ceil that 
enters granulopoiesis shows four mitoses and 
divides four times Some ceils may divide 
fewer times as suggested m earlier discussion 
As mentioned earlier, the myelocyte is be- 
lieved to have a Gj period of 37 hr A theoret- 
ical mechanism of increasing production rate 
in the same time interval from stem ceil to 
metamyelocyte would be a shortening ot Gi 
Sufficient time would be provided for an addi- 
tional mitosis and thus, a doubling of the pro- 
duction rate within the 138 hr transit from the 
stem cell to the metamyelocyte Vvliereas, the 
transit from the last myelocyte mitosis (emer- 
gence time) normally ranges from 96 to 144 
hr , during the stress of infection the emer- 
gence time can be decreased to as little as 48 
hr (Cronkite et al , 1960) Thus, with a short- 
ening of the generation time, an additional 
mitosis and a shortened transit through the 
nonproliferating pool an increased input into 
the blood could be experienced within a few 
days These three mechanisms constitute an 
attractive hypothesis but one not yet experi- 
mentally verified 

If the entire increase m production were to 
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come from an increased input from the stem be the sole mechanism of increasing granulo- 
cell level without changes m generation time, cyte production Prolonged increased GTR 
it would take about 12 days to be seen in the requiring more than twice the normal produc- 
peripheral blood Inasmuch as sustained gran- tion will demand an expansion in the mass of 
ulocytosis IS seen much faster than this, an the granulopoietic marrow 
increased stem cell input does not appear to In Figure 4 28 the notions discussed are in- 



HOURS 

Fig 4 27 Sequential flow of cells through granulopoiesis The ordinate shows the flux through each compartnnent 
relative to the GTR and the abcissa shows the time in each compartment The area of each of the nondividing compart- 
ments gives the number of cells m that compartment In the case of the proliferating compartments large and small 
myelocytes have been combined The stepwise increase in cell numbers through the dividing compartments represents 
serial divisions The size of TBGP is in scale but the relationship between CGP and MGP does not necessarily imply 
flow through MGP to the tissues The size and existence of the tissue pool are unknown (From Cronkite and Vincent 
1969) 



FSg. 4^8 Concept of regulation of granulopoiesis by several possible feedback loops 7 ) LIF releases stored marrow 
^rapulocytes 2) Myelocyte generation time decreases with more mitoses 3 ) A peripheral signal differentiates more 
stem cells arid triggers more cycling to restore size 4 ) Possible intramedullary signal from storage to stem cell pool 
mdUces differentiation and cycling 
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corporated into a general operational concept 
oi regulation ol normal g»*anuiopoies 2 S and it.> 
response to stress Granuloc\tes are beinj? lost 
trom the blood b\ a random and senescent 
process As the granuloc\te count tails trom 
anv reason the ieukoc\tosis inducing factor 
(LIFl increases m concentration iLapm et ai 
1969) The LIF through a last feedback loop 
causes the marro\>v to release the storage gran- 
ulocytes quickly Then either due to the action 
of LIF or other factors, it is belie\ed that the 
myelocyte generation time decrease^ with an 
additional mitosis that doubles the output 
The transit through storage compartment is 
shortened Then through a feedback loop to 
the committed or possibly piuripotent stem 
cell, there is an increased rate oi differentia- 
tion followed by increased rate of proliferation 
to rebuild the stem cell pool size Whether this 
results from an intramarrow sensing dec ice 
that determines the diminution m size of the 
storage compartment or is a direct action of 
LIF or other peripheral factor on the stem cell 
pool IS obscure 

CLINICAL ASPECTS OF GRANULOPOIESIS 

Dangers of Chemotherapy For a computer 
analysis a model for granulopoiesis can be 
based on the following concepts a periodic 
cycle of blood granulocyte concentration, regu- 
lated by two feedback loops — a fast loop that 
controls the release of stored granulocytes in 
the bone marrow (LIF), and a slow loop that 
controls the entrance of stem cells into the 
granulopoietic pathway, the time constant 
observed for lifespan of ceils m the peripheral 
blood, and the transit time through the bone 
marrow This computer model reproduces the 
low ampitude oscillations observed in normal 
males (Morley et al, 1970) In addition, it 
yielded an important prediction to the effect 
that mild marrow failure might produce a 
cyclic neutropenia with a large amplitude 
This has been experimentally confirmed With 
a decreasing store of marrow granulocytes the 
fast feedback loop becomes less capable of 
modulating the inherent tendency of a system 
with long time delay to oscillate, and one can 
therefore detect swings of larger amplitude 
With further reduction m size of the prolifera- 
tive compartment of the marrow, the produc- 
tion rate of granulocytes will fall further, and 
as the size of the marrow granulocyte reserve 
approaches zero, the extreme oscillations will 
flatten out into a noncyciical neutropenia of 


^e\ere and dangerous degree Such has been 
Irequentlv f>bser\ed after prolonged hea\> 
dosage oi marrow depressant drugs or radia- 
tion Clinically the earK detection ot marrow 
depression before it is irreversible is of utmost 
importance m radio or chemotherapy of meta- 
static disease in procedures for immuno- 
suppression, m evaluation of possible 
marrow toxicitv («t new drugs To safeguard 
the patient an adeuuate number of granulocyte 
C(5unts should be performed at intervals suffi- 
ciently frequent to reveal any increase m the 
amplitude oi any granulocyte cycle that might 
precede the development of a severe noncyc- 
iical neutropenia Isolated counts can be mis- 
leading if they are made by chance at the peak 
or the bottom ol a c>cle 

Chronic Granulocytic Leukemia. Chronic 
granulocytic leukemia is clearly an aberration 
ot granuiocytopoiesis There is an increase in 
the blood concentration of leukocytes at all 
levels ot maturation, and proliferation from 
the marrow into the peripheral blood with 
ceils’ being seeded out m the spleen and else- 
where where they proliferate This disease 
could be due to an increased input of stem 
cells that enlarges the entire system and ex- 
pands the marrow compartment to the point 
that it Teaks” and ceils metastasize to the 
body at large There is also an enzyme defect 
of granulocytes in chronic granulocytic leu- 
kemia wuth the absence of alkaline phospha- 
tase In many cases, the abnormal Philadel- 
phia chromosome described m Chapter 2 is 
present 

Marrow Suppression by Drugs and Ra- 
diation. Following exposure to whole bodv ir- 
radiation there is a decrease in the stem ceil 
input into granuiocytopoiesis that is followed 
bv a progressive depletion m the maturation 
and multiplicative compartment and is finally 
reflected m the blood as a marked neutro- 
penia If the irradiation has been sufficiently 
heavy and blood cell production has decreased 
to near zero levels the individuals are mark- 
edly susceptible to infection and may die of 
this cause before regeneration of the bone 
marrow can occur (Bond, et al , 1965) 

Drugs can also interfere with blood ceil pro- 
duction Butazolidin is an example of a drug 
that occasionally produces a very severe granu- 
lopenia, apparently because of interference in 
the transit of cells from the myelocyte to the 
metamyelocyte Examination of the bone 
marrow will show a striking depletion of the 
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nonproliferating compartment with an active 
myelopoiesis. Upon withdrawl of the drug, one 
can observe an orderly flow of cells through the 
nonproliferative pool and the reappearance of 
granuloc 3 rtes in the blood. 

Ckronic Granulomatous Disease of Child- 
hood. This is a fatal genetically determined 
disorder effecting male children with an onset 
of manifestations early in life (Good et ah, 
1968). The abnormality involves enzymatic 
deficiencies in the lysosome phagocytic vac- 
uole system that prevent the effective killing 
of phagocytotized pathogenic bacteria. The 


fundamental metabolic lesion in this disease is 
deficient production of hydrogen peroxide 
during phagacytosis (Baehner et al, 1970). 

Congenital Neutropenia. This relatively 
benign disorder is characterized by an inability 
of immature myeloid cells to proliferate and 
mature to normal numbers of granulocytes 
(Vriedt, et al., 1970). If the production rate is so 
low that there is no, or little, storage pool in 
the marrow a noncyclical neutropenia would 
be predicted on the basis of the discussion out- 
lined above under dangers of chemotherapy. 



THROMBOPOIESIS, HEMOSTASIS, 
COAGULATION. AND THROMBOSIS 


T r o rr b o c is : 

The platelet is a non-nucleated cell \ei, -t 
has a complex structure Ttie surface imiitinsj 
plasma membrane is 70 to 90 A m ^hlckne^s it 
IS interpreted to consist of one lipid bmiole- 
cular la>er and two protein lacers Mitochon- 
dria are always present m the cel! There are 
electron dense granules ia granules) that are 
believed to contain platelet factor 3 and en- 
zymes Vacuoles and vesicles are present, and 
remnants of Golgi bodies are seen Microtu- 
bules can be identified and separated, their 
function IS obscure but appears to be related to 
maintaining the shape of the platelet Possibly 
the microtubules represent a retractile element 
of the platelet cytoplasm called thrombos^ 
thenin There are abnormalities in platelet 
structure m various hemorrhagic diseases The 
ultrastructure of the platelet and its relation- 
ship to function has been extensicely reciewed 
(Hovig, 1968) 

HEMOSTASIS 

Hemostasis is the business of platelets This 
may be defined as the arrest of blood flowr 
from a break in a vessel wall and the preven- 
tion of spontaneous bleeding This function 
probably requires three properties of platelets 
1) an endothelial supporting function of plate- 
lets measured by capillary resistance tests, 2) a 
capability of forming hemostatic plugs, which 
can be measured by the bleeding time m 
human beings or by the enumeration of red 
blood cells in the lymph m animals with can- 
nulated thoracic ducts, and 3) the release of a 
lipoprotein material called platelet factor 3 
that activates plasma prothrombin to 
thrombin in the coagulation mechanisms, and 
can be measured by prothrombin consumption 
time and other in vitro tests Platelet factor 3 
will be discussed later under blood coagula- 
tion 


The nlatekts <KCiin> a central role m the 
staunching oi bk')d loss from small and large 
blood \essek Ft»liov\ing injur\ to a blood 
\esse^ the todcA\ing sequence of e\ent^ ob- 
served Blood oozes out thrcmgh the hole or 
severed \essei the vessel constricts the endo- 
thelium everts, and platelets adhere to the col- 
lagen in the underlvmg connective tissue ex- 
posed to the flowing blood bv the injury Plate- 
lets also migrate into space«i which appear 
between endothelial cells I Ashford and Frei- 
man, 1967 French et al , 1964) Platelets con- 
tinue to accumulate on top of the first plate- 
lets alreadv adhering to the collagen and in- 
jured endothelial ceils probablv as a result of 
the release of adenosine diphosphate lADP) 
from the platelets themselves or possiblv from 
damaged vascular tissue (Gaarder et al , 1961, 
Born and Cross, 1964) Platelets contmae to 
accumulate and initiate coagulation m the 
area By a combination of constriction of blood 
vessels formation of the hemostatic plug of 
platelets, and fibrin clot the outflow^ of blood 
is decreased and usually stopped Retraction of 
the clot holds the edges of vessels and wound 
together and so prevents further loss of blood 
For greater detail on the hemostatic process 
see the extensive review on blood coagulation 
(Donaldson, 1970) 

^ The relationship of the platelets to vascular 
integrity is inferred, from the fact that sponta- 
neous hemorrhage develops when the blood 
platelet count falls below 20,000/mm ^ iGa>dos 
et al 1962) At 50,000/mm ® or more a reason- 
able hemostasis is possible during surgical pro- 
cedures The exact mechanism whereby plate- 
lets prevent hemorrhage and maintain capil- 
lary strength is not completely understood but 
has been reviewed extensively (Johnson et a! , 
1966) Data obtained by utilizing radiosulfate 
labeled platelets suggests that the platelets 
directly contribute something to the capillary 
endothelium (Cronkite et a! , 1960) Platelets 
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have been observed by electron microscopy to 
enter endothelial cells in thrombopenic states 
(Johnson et al , 1964) 

Freshly separated platelets transfused into 
the fatally irradiated dog will prevent hemor- 
rhage (Cronkite et al , 1952) Platelet transfu- 
sions have been shown to be efficacious in con- 
trol of thrombopenic bleeding in man (Hirsch 
and Gardner, 1952) 

MEGAKARYOCYTOPOIESIS AND 
THROMBOPOIESIS 

A model for megakaryocytopoiesis is pre- 
sented in Figure 4 29 From the studies of 
Whang et al , (1963) it is clear that the 
common stem cell feeds the megakaryocytic 
pool upon need There is also good evidence 
for existence of a committed stem cell pool as 
described earlier under erythropoiesis and 
granulocytopoiesis Megakaryocytes have been 
divided into three stages depending upon their 
maturity Tntiated thymidine initially labels 
stage I megakaryocytes The label can be seen 
to appear successively in stages n and III As 
the label progresses through the more mature 
stages, the percentage labeling in stage I in- 
creases, this indicates an influx of cells from 
an earlier, labeled, unknown precursor, pos- 
sibly from a committed stem cell compart- 
ment As the megakaryocytes mature they 
produce platelets and die For details of mega- 
karyocyte proliferation, kinetics of their matu- 
ration and platelet production see Ebbe (1968) 

Platelets are formed when the mature, gran- 
ular megakaryocytes shed their cytoplasm The 
normal human platelet has an average volume 
of 5 8 fim ^ New platelets are probably larger 
than platelets that have aged Platelet counts 
are remarkably stable over long periods of 
time, signifying that production and destruc- 


tion under normal conditions do not vary sig 
nificantly (Brecher et al , 1953) 

Platelet turnover rate must be measured 
indirectly from measurements of platelet sur- 
uwal and platelet count The most commonly 
used method for measuring platelet survival is 
based on a chromium -51 labeling with auto 
transfusion The normal platelet turnover is in 
the vicinity of 40,000/mm Vday (Davey, 1966) 
There appears to be some random loss of 
platelets in addition to the senescence that 
sets an upper limit on lifespan The mean 
platelet life is in the vicinity of 9 to 11 days in 
normal individuals Random removal of plate- 
lets appears to be m the vicinity of 5 to 
15%/day This apparent random loss may be 
due to elution of the label 

Platelets can be counted by electronic 
methods, but the most practical laboratory 
and clinical method remains enumeration with 
phase microscopy (Brecher et al , 1953) 

The peripheral blood platelets appear to be 
distributed between the blood and a splenic 
pool It has been estimated that about one- 
third of the total platelet mass is concentrated 
in the spleen m equilibrium with the re- 
maining two-thirds distributed throughout the 
rest of the vascular system (Aster, 1966) 

The regulation of platelet production has 
been studied by hypertransfusion of platelets 
and the transfusion of plasma from markedly 
thrombocytopenic animals and human beings 
These and other studies on regulation were 
critically reviewed by Ebbe (1968) It can be 
concluded that there is a feedback regulatory 
system, in which the level of the circulating 
platelets influences the rate of megakaryocy- 
topoiesis and platelet production Although it 
is not conclusively proved, there is evidence 
suggesting that a thrombopoietin exists which 
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Fig 4 29 Model of megakaryocytopoiesis (From Ebbe) 
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stimaiates platelet production The 
of platelet production b\ .ncrea^ nu concentra- 
tion ot platelets in the blood remainft a 
biliU Because the conipartment oi recoitr /- 
able megakar\ocvtes is a nondividing tom part- 
ment (Ebbe and Stohlman, 1%5? there are 
two possible mechanisms tor mcreas ni, 
output of platelets U each megakar\oc\te 
may make more platelets, dt 2) an increased 
mput ot cells into the inesyakar\oc\toDoietLc 
compartment from the precursor pooJ ma\ 
yield more platelet- produc mg celis It appear,- 
that the latter is the mechanism b> which m- 
creased platelet production is accomplished m 
acute thrombocytopenia 

ZzacL^ztjf^r of Slocz 

GENERAL DESCRlPTiON 

Clot Formation If blood is collected into a 
test tube, at the end of a lew minutes it will 
have lost its fluidity and set into a jeiK ^li- 
croscopically this clot is made up ot a mesh ot 
very delicate fibrils among which are entan- 
gled, as in a net, the red and white cells and 
many fragmented platelets The tibrils are 
composed ot fibrin that is formed by the alter- 
ation and polymerization of fibrinogen mole- 
cules If the clot IS allowed to stand for an hour 
or so, it shrinks and expresses from its inter- 
stices a clear faint straw-colored fluid This is 
the serum 

In this retraction of the clot or syneresis, as 
it IS termed, the platelets play an essential 
role They attach themseK es to the fibrin 
threads which then contract, draw the fibrin 
compactly together, and thus, squeeze out the 
serum Clots formed m blood deficient in 
platelets are soft and friable and easily loos- 
ened from the injured vessel The importance 
of these small particles of protoplasm m hemo- 
stasis will be dealt with later 

The Clotting Mechanism, No field of phys- 
iology IS more complex or has been so confused 
by contradictory results, differences of inter- 
pretation, and diversity of opinion as that of 
blood coagulation Blood coagulation is essen- 
tially a senes of enzymatic reactions involving 
a number of plasma proteins Many of these 
are present only in traces Within an intact 
healthy circulatory system these enzymes, for 
the most part, are in an inactive form How- 
ever, when blood is shed or placed in contact 
with a “wettabie surface,"’ such as glass, a se- 


ncft ot autocatahtic enz^matii reac"-ions is mi- 
^ ated In the eitort ui in\estigators to 

under-: ana ^rdtr iii woich the numerous 

enter mfo toe prcfce^s oi cc^agulation, 
tOf resiiii*' ot an inomious rumbe^" of "mix- 
ing’ exuertment^ ha\e oeen reported This has 
requited m a contubicjr not oni\ of termmol- 
og\ out between what a separate en- 
/vme enta\ a^d wnat merely a resultant 
To make s^me order out oi chaos an 
international -y^ttm ot numbermu has been 
introduced tor the identification of those fac- 
tor-, accepted by a maioi^ity of authorities m 
the i’eld In Table 4 15 the international 
numbering ior the accepted coagula- 

tion factors IS shown \o r umbers ha\e been 
suggei^ted ior the physudogicai anticoagulants 

DEVELOPMENT OF TROMBOPLASTIN 

ACTIVITY 

By the end ot the 19th century, it was estab- 
lished that extracts oi tissues tree of blood ac- 
celerate the clotting of whole blood or plasma 
but have no effect on solutions of fibrinogen 
According to the hypothesis put iorw^ard at 
that time, this tissue extract i called thrombo- 
plastin), m conjunction with calcium acts bv 
converting prothrombin to its active form 
thrombin During the early 1940’s it was shown 
that thromboplastin requires both hpid and 
protein constituents tor full activity Also, at 
about the same time, work m a number of lab- 
oratories indicated that factors other than 


Table 4 15 

Synonymous terms for clotting factors 


International 

Committee 

Nomenclature 

Synonymous and Descnptn e Terms 

Factor I 

Fibrinogen 

Factor 11 

Prothrombin 

Factor III 

Thromboplastin 

Factor IV 

Calcium 

Factor V 

AC -globulin, proacceierm labile 
factor 

Factor VII 

Proconvertin, SPCA 

Factor VIE 

Antihemophilic factor 

Factor IX 

Plasma thromboplastin component 
(PTC), Christmas factor 

Factor X 

Stuart-Prower factor 

Factor XI 

Plasma thromboplastin antecedant 
(PTA) 

Factor XII 

Hageman factor, contact factor 

Factor XIII 

Fibrin stabilizing factor, fibrmase 
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thiomboplastm are involved m the normal 
conversion of prothrombin to thrombin (Biggs 
and Macfarlane, 1962) 

With the introduction of silicone, a new 
phase m the study of blood clotting began 
With proper solutions of silicone, test tubes, 
syringes, and needles can be covered with a 
smooth “nonwettable” surface This makes it 
possible to withdraw blood and prepare plasma 
for study without causing changes due to sur- 
face action Using siliconed glassware it is pos- 
sible to show that blood itself contains all the 
factors needed for thromboplastin generation 
(Biggs and Douglas, 1953), it requires only a 
change in surface contact to trigger the mecha- 
nism Thus, there are two sources of thrombo- 
plastin activity, one from tissue extracts some- 
times called the extrinsic source, and the other 
from the interactions of a number of trace 
plasma proteins, calcium ions, and platelets 
called the intrinsic source 
The factors that are involved in the forma- 
tion of intrinsic, or plasma thromboplastic ac- 
tivity are illustrated in Figure 4 30A It is now 
generally accepted that factor XII when acti- 
vated by surface contact initiates the reaction 
Then, m the presence of calcium ions, other 
trace proteins, factors XI, IX, and VIII (pos- 
sibly m this order), are in turn activated 
Factor VIII (antihemophilic factor) is present 
m normal fresh plasma but is absent or inac- 
tive in normal serum and rapidly disappears 
from stored blood, it is relatively stable how- 
ever, m plasma stored at -20® C, it is not 
readily absorbed on the usual prothrombin- 
absorbing reagents such as aluminum hy- 
droxide or tncalcium phosphate Factor IX 
(Christmas factor) is present in both plasma 
and serum and is readily absorbed on pro- 
thrombin-absorbing agents, it is present in 
stored blood Deficiencies in factor VIII or 
factor IX result in a bleeding condition known 
as parahemophilia, this is an hereditary condi- 
tion linked with a defect of the X chromo- 
some Factor XI (plasma thromboplastin ante- 
cedent) has some of the characteristics of both 
factors VIII and IX, it is not readily adsorbed 
on prothrombin-adsorbing reagents but is 
stable and is found m serum Bleeding defects 
due to lack of factor XI activity are quite rare 
ba additiqn to these, and possibly other as yet 
umdentified protems, a phospholipid is re- 
xpired for dwelopment of optimum thrombo- 
plaslin ^^ivtty* Durmg normal coagulation 
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Fig 4 30 Sequence of reactions m clotting mecha 
nism Stage I Formation of plasma thrombo + plastin 
Stage II Formation of Thrombin Stage III Change of 
fibrinogen to fibrin 

this is supplied through platelet breakdown 
For in vitro coagulation the platelet phospho- 
lipid moiety can be replaced by phospholipid 
from brain tissue or soy bean (Macfarlane et 
al , 1964, Owren, 1947) 

Agents such as citrate, oxalate, or ethylene- 
diamine -tetra-acetic acid (EDTA) by binding 
calcium ions will completely inhibit the devel- 
opment of thromboplastin activity Heparin, 
which IS not present m normal blood in meas- 
urable amounts, is probably of no importance 
in preventing normal blood coagulation When 
added as a therapeutic agent, however, it acts 
at a number of sites along the chain of reac- 
tion There is good evidence that its initial ac- 
tion is to prevent the development of thrombo- 
plastin activity It probably does this by com- 



Chapter 8 


4-77 


bining; v\ith react" 0*1 the t^act ’ 
terns and b\ n^e\entinc on 

and re^ea^^e (h onospn^Iio Heni^n 1*1 a 
mucopo!\'^aLcharide prepared *ro»T beet ibni: 
or beef and h{)g inte&tinal mutosa A. ru^be’^ 
ot simiiar mucopousaccbar de- ha\e been 
thesized (Howeb and Holt I 9 i^ Be< et al 
1938 , lorpes 1949 Alon»,ho^l^e ard Clarke 
1957 ) 

ACTIVATION OF PROTHROMBIN 

Recent studies ha\e fa\ored the hApothes’s 
that both the thromboplastin formed irom the 
interaction ot piasma protein^ and the throm- 
boplastin m tissue extracts need an additional 
factor tor full acti\it> This is factor X f Stuart- 
Prower factor) In addition to factor X tis&ue 
thromboplastin requires factor VII (con\ertim 
The exact order in which these proteins enter 
into the reaction is not \et established, but 
results obtained b\ Macfarlane and his col- 
leagues (1964) support the order suggested m 
Figure 4 SOB Calcium 10 ns are also required 
for prothrombin conversion, and factor V <AC- 
globulin) increases the rate of the conversion 
It is known that heparin when added to a 
physiological s\stem will inhibit the conv^er- 
sion of prothrombin, but much, if not all, of 
this inhibitorv activity ma> be through the ac- 
tion via thromboplastin In common with most 
other plasma proteins, prothrombin, factor X 
and factor VII are formed in the liver The 
abilit> of the liver to maintain normal blood 
levels of these protein fractions, however, de- 
pends on the presence m the Iiv er of sufficient 
amounts of vitamin K Dicumarol, and other 
similarly acting drugs antagonize vitamin K 
and depress the rate of production of pro- 
thrombin, factor VII, and factor X (Quick, 
1945, Link, 1944) 

CONVERSION OF FIBRINOGEN TO FIBRIN 

Once thrombin is formed it acts enzymati- 
cally to convert the soluble fibrinogen into 
insoluble fibrin It has been established that 
thrombin is a proteolytic enzyme having the 
same sequence of ammo acids at its active site 
as digestive enzymes such as pepsin and 
trypsin Most proteolytic enzymes break down 
fibrinogen completely, but thrombin splits off 
only a few terminal peptides Two of these 
known as fibrin peptides A and B are the re- 


V select tf at*" m at terminal 

„ vtT.c -rau ne a'> Ire oir oi 

uep^’de- a tnanae a* the 

! trt m ^ t liO^inoaen and ai- 

"heUi end-t^i-end in hmg 

u ubie T^aki, \Vnen DU^'itfed 

librmaen cLiitted ov Dunf.ed thrombin, tne 
c'Mt A trund to ne in ^rea, but the LU)t 

m is not sduble "u area A 

factor has been i-cxated trotti human and an- 
imal plasma wh.cn wd. render ^he c.ot formed 
trr^ra p mhea tiDr nugen n-olabie in urea Thib 
factor been namea t bnn stabilizing lactor 
o^ factor Xni It great i\ fac’htates the heckling 
o! wcrjnds vet is missing from the oiood m 
some person^ 

Mans auib unties in the tieid ot coagulation 
adhere to the view that fibrin being contm- 
ualK formed and destroved and that the integ- 
ntv Of the endothelium depends on the pres- 
ence ot a phvsiological mechanism tor the con- 
stant removal of fibrin Such a mechanism 
does indeed exist It depends on the presence 
in blood of an inactive proteoi>tic precursor 
called plasminogen which has been identified 
as a jd-giobuim with a molecular weight m the 
region ot 150 000 During clotting or purifica- 
tion of fibrinogen it is associated cioselv with 
the fibrinogen molecule It is extremely diffi- 
cult to prepare fibrinogen free of plasminogen 
and a normal clot usually contains sufficient 
amounts of plasminogen to insure clot dissolu- 
tion if circumstances permit its activation 
Activators that convert plasminogen to 
plasmin are of two different tvpes Activators 
from tissues and urine act directly on both 
human and bovine plasminogen Activators 
such as streptokinase (prepared from strepto- 
coccal cultures) and iysokmases from tissues 
and blood must act first on a globulin fraction 
called proactivator This proaetivator is 
present m large amounts m human plasma, 
but IS V irtually absent from the blood of cattle 
and other animal species There is usually an 
excess of piasmm inhibitor m normal blood 
However, when large amounts of plasminogen 
are activated {this can occur during surgery, 
childbirth, or prostatic cancer), fibrinogen as 
well as fibrin is destroyed by the enzvme and 
serious hemorrhage can result Small increases 
m the fibrinolytic activity of plasma have been 
reported following exercise anoxia, or the 
injection of adrenalin or serotonin On the 
other hand, high levels of lipoproteins tend to 
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inhibit fibrinolysis (Sherry et al , 1959, Mac- 
Millan and Mustard, 1961) 

It has been known for decades that normal 
plasma can neutralize large amounts of 
thrombin Morawitz (1904) proposed the name 
antithrombin for this activity in plasma The 
neutralization of thrombin in plasma, however, 

IS a complex action and is not due to a single 
effect Thrombin can be neutralized without 
being destroyed Breakdown products of fibrin 
digestion can do this by blocking the 
thrombm-fibrmogen reaction Heparin in com- 
bination with a plasma factor (heparm-cofac- 
tor) acts in a somewhat similar manner There 
IS, however, an enzyme in plasma (true plasma 
antithrombin) which destroys thrombin, this 
has been shown to be an a globulin Relatively 
large quantities of this are present in normal 
plasma In fact the amount of antithrombin 
available far exceeds the amount of thrombin 
formed during coagulation 

TESTS EMPLOYED IN THE 
INVESTIGATION OF DEFECTS IN 
THE CLOTTING MECHANISM 
Coagulatioii Time. This is the time taken 
for blood to clot after it is withdrawn from the 
body Decreased coagulability of the blood is 
manifested by lengthening of the coagulation 
time and vice versa A number of methods 
have been developed to measure the precise 
moment m which clotting occurs The clottmg 
time of normal blood will depend upon the 
size of the tube, the number of tubes em- 
ployed, the temperature at which the blood is 
kept during the test, and the amount of tilting 
and agitation of the tube It is important to do 
the clotting test in exactly the same manner 
each time If the method is standardized, serial 
determinations of the clotting time will pro- 
vide useful information 
A modification of the Lee-White method for 
whole blood clotting time is widely used One- 
milliliter quantities of blood drawn by clean 
venipuncture are placed m each of three small 
test tubes (11-mm internal diameter) placed 
m a water bath A stop watch is started at the 
time of venipuncture After 3 mm , the first 
tube is tilted at 15 -sec intervals When the 
blood clots m this tube, the next tube is tilted 
until clotted and then the third tube is treated 
similarly. The clotting time is taken as the 
time of clotting of the blood in the third tube 
copulation time by this method varies 


between 9 and 11 mm for normal individuals 
By using three tubes, variations m clotting 
time due to variation in rate and degree of 
tilting (surface effect) are reduced 
In small children venipuncture may be diffi- 
cult and the clotting time can be measured on 
capillary blood With a sharp lancet, a drop of 
blood is obtained from the finger, ear lobe, or 
heel and allowed to run into a capillary tube 
The ends of the tube are sealed with plasticine 
and then the tube is immersed in a water bath 
at 37° C At 15-sec intervals small fragments 
of that tube are broken off and the end point is 
taken when a string of clot is observed The 
normal coagulation time by this method is 
between 3 and 5 min , it is shorter than clot- 
ting time by the Lee-White method because of 
the relatively greater surface area of glass in 
contact with the blood 
Prothrombin Time. In the one -stage 
method developed by Quick, excess of tissue 
thromboplastin and optimal calcium are added 
to citrated or oxalated plasma The tubes are 
placed m a water bath at 37° C and the tune 
for clottmg to occur is recorded A standard 
value for the day is determined using a sample 
of normal plasma This standard time will 
vary between 14 and 16 sec A dilution curve 
may be prepared with normal plasma diluted 
with adsorbed plasma (prothrombin free) to 
relate clottmg times to prothrombin concen- 
tration m per cent of standard This is done in 
an attempt to reduce the variability caused by 
the tissue thromboplastin, the activity of 
which differs from day-to-day It is doubtful, 
however, whether the dilution curve is worth 
the effort in the practical management of pa- 
tients takmg oral anticoagulants (Quick, 1945) 

Clot Retraction Time. In this test 2 to 3 
ml of venous blood are placed m a test tube 
kept at a 37° C in a water bath After clottmg 
has occurred the clot is freed from the sides of 
the tube by means of a wooden applicator 
stick Normally m a couple of hours the clot 
contracts to a firm mass expressing serum 
from its interstices Clot retraction is normal 
m hemophilia but abnormal m thrombocyto- 
penia 

Bleeding Time. Bleeding time is deter- 
mined by nicking the skin with a pointed 
scalpel blade, the ear lobe being a convenient 
site. Drops of blood are wiped away every few 
seconds with filter paper The end point is 
taken as the moment when bleeding ceases 
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The normal bleeding time is about 2 „ mm- 
utes The ability to seal the wound depend'^ on 
the platelets and on the state of the small 
blood vessels The bleeding time is normal in 
hemophilia This at first seems to be a paradox 
until it IS realized that the piatelet& and blood 
vessels are normal in this condition In hemo- 
philic patients manipulation of the small 
wound later causes renewal of bleeding which 
may be extremely troublesome to control It is 
believed that this is due to failure of an effec- 
tive clot to back up the platelet plug (Tocan- 
tins, 1936) 

Thromboplastin Generation Test, This 
test resembles the one-stage prothrombin 
time, but instead of saline extracts from ace- 
tone-treated brain as a source of thrombo- 
plastin activity, plasma components and plate- 
lets are first incubated together to produce 
plasma thromboplastic activitv Normal 
thromboplastic activity requires factor VIII 
and factor IX from plasma, cephalm obtained 
from platelets, and calcium The generation 
mixture is kept at 37° C and at 1-mm inter- 
vals thromboplastic activity is tested by 
adding samples to a substrate of normal 
platelet-poor citrated plasma and calcium 
The time of clotting of the substrate reflects 
the thromboplastic activity of the generation 
mixture In the test 0 2-ml quantities of 
normal alumina plasma diluted 1*5 (factor 
Vin), normal serum diluted 1 10 (factor IX), 
cephalm or platelets and M/40 calcium chlo- 
ride solution are placed in a test tube At in- 
tervals of 1 mm , 0 1 ml of the mixture is 
withdrawn into a Pasteur pipette and dis- 
charged simultaneously with 0 1 ml of M/40 
calcium chloride solution into a tube con- 
taining 0 1 ml of normal platelet-poor citrated 
plasma A convenient substitute for platelets is 
cephalm prepared from brain or soy bean The 
clotting times of the substrate samples may be 
plotted as a curve showing normal thrombo- 
plastin generation Having prepared a normal 
thromboplastin generation curve, aluminium 
plasma or serum from a test subject may be 
substituted for one of the normal components 
and the resulting curve compared with the 
normal If the subject lacks a component nec- 
essary for thromboplastin generation, de- 
creased thromboplastic activity will be de- 
tected (Biggs and Douglas, 1953) 

Partial Thromboplastin Time, This test is 
widely used and has the advantage of being a 


one-stage test that is simoier to perform than 
the thromboplastin generation test It also re- 
sembles the Quick one-stage test for pro- 
thrombin time Instead of adding acetone- 
treated brain to plasma cephalm is used in 
this test If ncirmai amounts of factors VIII and 
IX are present in the plasma a short clotting 
time Will be observed If one of these factors is 
lacking, the time will be prolonged Since the 
earlv stages of clotting are mlluenced bv sur- 
face contact it is customary to add kaolin to 
the plasma while doing the test to provide 
maximum activation oi contact factors The 
test mav be used tor both the diagnosis and 
control of treatment of hemophilia 

of CJottin2 Process 

HEMORRHAGIC DISEASES 

Hemophilia. In this condition the coagula- 
tion time (but not the bleeding time) is usually 
prolonged In some cases the blood may not 
clot for several hours Fatal hemorrhage mav 
follow a minor wound or a simple operation 
such as a tooth extraction It is important to 
realize, however, that certain hemophiliacs 
have a clotting time which is normal or onlv 
slightly prolonged In these patients it is nec- 
essary to confirm the diagnosis with the 
thromboplastin generation tests or partial 
thromboplastin time Hemophilia is trans- 
mitted as a sex-lmked recessive character On 
a statistical basis, females carrying the ab- 
normal X chromosome transmit the disease to 
half their sons while half their daughters will 
be carriers A hemophilic father will have 
normal sons but earner daughters If a hemo- 
philic man marries a hemophilic carrier, it is 
possible to have a female hemophilic This 
occurrence is very rare Even hemophilic pa- 
tients with normal or slightly prolonged clot- 
ting times may bleed to death following proce- 
dures such as tonsillectomy or tooth extrac- 
tion. There is, therefore, really no such thing 
as mild hemophilia Since the disease carries 
an increased mortality it would eventually dis- 
appear were it not for the appearance of fresh 
mutations Approximately 30% of patients 
with the disease do not have a previous family 
history 

Two distinct types of hemophilia may be 
recognized by laboratory testing Certain pa- 
tients lack factor VIII while others lack factor 
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IX From the practical standpoint it is impor- 
tant to distinguish between the two types of 
hemophilia Factor VIII deficient patients re- 
quire fresh blood or plasma since this activity 
disappears rapidly on storage Both human 
and animal factor VIII concentrates are now 
available Their use has saved many lives and 
major surgery has been made possible In 
factor IX deficiency it is not necessary to use 
fresh plasma since the factor is more stable on 
storage Satisfactory concentrates of factor IX 
are not generally available 

Afibrinogenemia. The lack of fibrinogen 
may be either inherited^ or acquired Because 
fibrinogen is formed in the liver, in the end 
stages of serious liver disease the level m the 
blood may fall It may also temporarily disap- 
pear due to destruction by fibrmolysins This 
may occur following surgery on prostatic can- 
cer, presumably due to release of fibrinolytic 
enzymes into the blood stream It also may 
occur in abruptio placentae when sudden and 
abrupt separation of the placenta may also 
result in release of fibrinolytic and thrombo- 
plastic material into the blood stream and 
thus, cause a rapid destruction of fibrinogen 
with bleeding 

Purpura. Purpura is hemorrhage into the 
skin and mucous membranes It may be due to 
an abnormality of the platelets oi of the blood 
vessels Thrombocytopenic purpura may be 
either idiopathic or secondary to a toxic agent, 
the former variety frequently responds very 
well to splenectomy The mechanism of vas- 
cular purpura is not well understood and the 
diagnosis is made very often by excluding 
other causes Damage to the blood vessel wall 
may occur in scurvy, in uremia and in severe 
infections An important type of vascular pur- 
pura IS associated with hypersensitivity or al- 
lergy 

Hypoprothrombinemia. Depression of the 
prothrombin level in the blood (hypopro- 
thrombinemia) may be found in severe liver 
damage and in conditions where there is mal- 
absorption of vitamin K, such as obstructive 
jaundice and steatorrhea Hemorrhagic disease 
of the newborn results from lack of vitamin K 
in the mother It may be prevented by giving 
the mother vitamin K before the baby is born 
Admmistration of coumarin drugs results in 
lowering of ihe plasma level of prothrombin 
dotting factors VH and X 


INTRAVASCULAR CLOTTING- 
THROMBOSIS 

Coagulation of blood within vessels may be 
brought about experimentally by the injection 
of thrombin or thromboplastin into the blood 
stream There is an immediate reduction m 
the number of platelets and the level of fibrin 
ogen After a short time the platelet count re 
turns to normal suggesting that the platelets 
were not destroyed but were merely seques 
tered somewhere in the vascular system Re 
turn of the fibrinogen level takes longer and is 
not complete for 24 hr , indicating that fibrin 
ogen was destroyed and was replaced by newly 
formed fibrinogen 

Injury to the vessel wall results in a deposi 
tion of platelets from the flowing blood at the 
site of injury The platelets stick to the injured 
area and also to each other forming a platelet 
plug On top of the platelet, nidus fibrin 
threads are formed which enmesh red and 
white blood cells This is known as a throm- 
bus, and it is important to distinguish this 
from a simple blood clot formed in a stagnant 
pool of blood A thrombus may either partially 
or completely plug the lumen of a vessel The 
“head” of a thrombus at its point of attach- 
ment consists mainly of platelets and fibrin 
The “tail” of the thrombus frequently lies 
within the lumen of a vessel and consists of 
fibrin and red cells 

A thrombus or a portion of it may break free 
and being carried away m the blood stream 
may lodge m some remote area The portion of 
the thrombus that travels is known as an em- 
bolus Emboli from the leg veins lodge in the 
lung, producing an area of consolidation m the 
lung known as a pulmonary infarct If an em- 
bolus originates in the left side of the heart it 
will be carried to a peripheral artery, for exam- 
ple, a cerebral artery giving rise to a cerebral 
infarct 

Causes of Thrombosis in Man. The causes 
of thrombosis m man may be considered under 
the following headings 

Injury to a Blood Vessel Injury to a blood 
vessel by trauma, or the application of an irri- 
tating substance leads to thrombosis, but the 
basic mechanism underlying its development 
remains obscure It is possible that a damaged 
endothelial lining causes the release or activa- 
tion of substances that initiate the clotting 
process 
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Deposition of Platelets Dietnek 1191*^^ s^me 
years ago made an experimental stud\ or po=^t- 
operative thrombosis He described the deposi- 
tion of the platelets and compared them \\ith 
sand v^hich is kept m suspension in a rapid 
stream Just as sand is deposited m a ribbed 
pattern upon the seashore or at a rn er s mouth 
where the current is siov^ed, so platelet denoN- 
ited in a thrombus form characteristic ridges 
The identification of platelet strands or ndges 
enables the pathologist to distinguish a 
thrombus from a postmortem clot In \itro tne 
addition of adenosine diphosphate tADPl to a 
platelet suspension causes rapid clumping ot 
the platelets It is possible that damaged endo- 
thelium releases substances similar to ADP 
which alter the platelet membrane causing 
them to adhere to each other and to the endo- 
thelium The platelet mass sometimes com- 
pletely obstructs the vessel Occasionally it 
breaks away and forms a small embolus When 
this happens, another plug of platelets forms 
at the Site of injury (Wright, 1942, Gaarder 
et al , 1961, Moolten et al , 1949) 

Slowing of the Blood Stream After major 
surgery or childbirth, there is an increased risk 
of developing thrombosis and embolism This 
may be due to the fact that the flow of blood 
m the veins becomes sluggish, with a resulting 
platelet deposition and clotting Early ambula- 
tion after surgery and childbirth has been ac- 
companied by a lowered incidence of throm- 
bosis 

Changes in the Blood After operation and 
childbirth, both the number of platelets and 
the level of fibrinogen are increased Many 
investigators have earned out tests of clotting 
factors m an attempt to demonstrate a pre- 
thrombotic state All such studies have been in- 
conclusive, while some workers have reported 
changes, these have not been confirmed by 
other investigators An important factor 
leading to thrombosis is probably an alteration 
m platelet stickiness, associated with altera- 
tions m the endothelium and slowing of blood 
flow 

Summary. The fii^t event m the develop- 
ment of a thrombus is probably an alteration 
m the endothelial lining Platelets adhere to 
this area and to each other forming a white 
thrombus The growth of the thrombus occurs 
by the deposition of further platelets and the 
formation of fibrin, which enmeshes red and 


T^e di laxmeP b\ a 

V.uggish CnA The that has been 

bt^med mav renam iAed and ebner cum- 
p^e^eiv or octiude the blood vessel 

The tan ui the tbrombu'- r\a\ lie tree in tne 
tiowing "tream nt buKKa The tiirombus may 
grovv Pv the Iresh depo^nifln of platelets and 
tibrm The tbrnmbub ma\ nave a orecar^ous 
hold on the Iming '"t the vessel and break loose 
from its poirt oi attachment, or a piece ot the 
tad ma\ becfime detacnea Wnen this occurs 
an embolus is carried in the blood stream to 
lodge m a distant part Once tne thrombotic 
process is recognized in leg veins, treatment 
consists of moderateiv active exercise, eg, 
walking to increase venous return from the 
part and to lessen the change oi a clot’s 
forming m stagnant blood Secondly, anticoag- 
ulant therapv with heparin or dicumarol mav 
be given with the hope oi lessening the buildup 
oi a thrombus by fresh clot Anticoagulant 
therapv might be expected as w^eli to allow the 
natural fibrinolytic process to proceed without 
hindrance 

PREVENTIOM OF CLOTTING 

The Means Used to Prevent or Retard 
Coagulation — Anticoagulants. Cold Since 
the clotting mechanism consists of a senes of 
chemical and enzymatic reactions, it is to be 
expected that coagulation will be retarded bv 
lowering the temperature Keeping blood at a 
temperature of from 5 to 10® C postpones co- 
agulation but does not absolutely prevent its 
occurrence Cold, e g , ice, etc , applied to the 
surface of the body as a means of arresting 
hemorrhage has, however, no effect m re- 
tarding the coagulation process Actually a 
hemostatic action is exerted m such instances 
as a result of the vasoconstriction reflexiy in- 
duced 

Avoidance of Contact of the Blood with For- 
eign Materials or Injured Tissues Drawing the 
blood directly from an artery or vein (m order 
to prevent contact with the tissues — a source 
of thromboplastin), and collecting it into a 
receptical whose walls have been made smooth 
and unwettable by a coating of paraffin, or 
preferably of silicone, will slow greatly the 
coagulation process Silicone is the most effec- 
tive substance known for this purpose, it acts 
like the vascular endothelium m inhibiting the 
breakdown of platelets (Jaques and associates. 
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1946) and the formation of thromboplastin ac- 
tivity Plasma, after it is collected in silicone- 
Imed apparatus and centrifuged at high speed 
m order to remove the platelets as completely 
as possible, will remain fluid for 3 or 4 days 
even at room temperature The importance of 
a smooth surface m maintaining the fluidity of 
blood IS also shown clearly in the classical ex- 
periment of the ‘"living test tube ” If a section 
of the jugular vein of an animal, e g , the horse, 
be isolated between ligatures and carefully 
removed with its contained blood, this will not 
clot for a long period, not until changes occur 
m the lining of the vessel wall and the neces- 
sary thromboplastin is thereby provided 

Decalcification The addition of oxalate (so- 
dium, potassium, or ammonium) or a fluoride 
to blood to the extent of 0 1% or more, com- 
pletely destroys its power to clot sponta- 
neously In the former instance the calcium is 
precipitated as calcium oxalate Oxalated 
blood recovers its ability to clot if shaken with 
chloroform, but the fibrin which forms redis- 
solves after the blood has stood for a time 
Fluoride does not precipitate the calcium but 
forms a weakly dissociated calcium compound 
Sodium citrate also prevents coagulation, in 
this instance a double salt — calcium sodium 
citrate — is formed, which again is only slightly 
dissociated 

Neutral Salts Magnesium sulfate solution in 
a strength of 27% mixed in the proportion of 1 
4 of blood postpones coagulation for some 
time, but does not prevent it indefinitely So- 
dium sulfate m half-saturated solution added 
to an equal quantity of blood has a similar ef- 
fect, as has also a 10% solution of sodium chlo- 
ride in the same proportion The manner in 
which these substances act is not clear They 
do not decalcify the blood 
Anticoagulants Used Therapeutically. At 
the present time there are two types of antico- 
agulants used for therapeutic purposes The 
anticoagulant heparin has an immediate direct 
action on the coagulation system, whereas, a 
group of drugs represented by dicumarol has 
an indirect effect on the coagulation system 
through their action on the liver 

Heparin is a naturally occurring sulfonated 
polysaccharide with strong anticoagulant ac- 
tion It can be prepared from bovine lung on 
porcine or bovine intestinal mucosa It re- 
quires a plasma fraction for its antithrombic 
activity but can inhibit at a number of points 
durmg the coagulation process (Fig 4 30) 


Heparin must be given parenterally since it is 
not absorbed from the alimentary tract Be 
cause it is rapidly inactivated and removed 
from the circulation, it is difficult to maintain 
a therapeutic level m the blood while avoiding 
the danger from bleeding Prolonged action 
can be obtained by intramuscular injections of 
concentrated solutions of heparin Heparin 
readily combines with basic peptides and pro 
teins and can be inactivated by protamine 
Dicumarol (4-hydroxycoumarin), which was 
originally extracted from spoiled sweet clover, 
lowers the level of prothrombin and associated 
coagulant factors by acting as an antagonist to 
vitamin K (Link, 1944) There is now a large 
number of analogues of dicumarol and phenol- 
indane-dione compounds which are more po 
tent than dicumarol but act similarly The ef 
feet of these drugs can be prevented or over 
come by the administration of vitamin K 
These drugs have no effect on coagulation 
when added directly to blood 
The whole problem of anticoagulant therapy 
is undergoing a great deal of study and there 
are many physicians who question the thera- 
peutic value of anticoagulants This problem, 
however, is beyond the scope of this chapter 

SUBSTANCES WHICH HASTEN THE 
CLOTTING PROCESS (HEMOSTATICS) 

It has been widely accepted that epinephrine 
hastens coagulation, but such an effect has not 
been proved The effects of thrombin and 
thromboplastin have been discussed Tissue 
extracts, especially those of lung and thymus 
which are rich m thromboplastin, are power- 
fully coagulant, as are also the venoms of some 
species of snakes The coagulant property of 
such venoms depends upon their containing a 
proteolytic enzyme that converts prothrombin 
to thrombin, the conversion occurs in the ab- 
sence of ionized calcium 

Thrombin sprayed upon the bleeding surface 
in conjunction with fibrinogen forms a cov- 
ering film or foam of fibrin, and is an effective 
means of arresting bleeding, especially from 
numerous small vessels. Among other hemo- 
static agents used to hasten the clotting 
process are sodium alginate, derived from 
seaweed, and a gauze made of oxidized cellu- 
lose, which swells when soaked with blood 
When sodium alginate comes into contact with 
the blood and serum of the wound, it is con- 
verted to calcium alginate, which “clots” to 
form a tenacious layer 



. THE LYMPHATICS, LYMPH. AND 
TISSUE FLUIDS 


STRUCTURE OF THE LYMPHATIC SYSTEM 

The lymphatics can not be di&cussea 
without reference to blood capillaries (sect J 
chap 1) Their very close interrelation is 
shown m Figure 4 31 The part oi a capiilar\ 
nearest to the arteriole is called an arteruTe 
capillary and that part nearest to the \enule is 
designated as \enous capillar\ There are 
“through” capillaries m which blood flows con- 
tinually, and there are branched capillaries in 
which the blood flow is regulated b> vasocon- 
striction and vasodilatation mediated through 
the precapillary sphincters The wall oi the 
capillary consists of a single la>er oi flat endo- 
thelial cells resting on a basement membrane 
and surrounded by a thm adventitia of fibers 
and cells The capillary endothelium, when 
appropriately stained, looks like pavement 
blocks 

The endothelial cells of blood capillaries 
have two distinct ultrastructural characteris- 
tics a) The process of pinocytosis^ takes place 
This can be considered to be microphago- 
cytosis One can observe tiny pinocytic vesi- 
cules that appear by invagination of cell mem- 
branes and enclose fluid and sometimes partic- 
ulate material The direction of transport 
across capillaries is primarily into tissue at the 
arterial capillaries and into the capillaries at 
the venous end b) In addition the capillaries 
m some anatomic areas appear to have pores 
varying m diameter from 300 to 500 A, usually 
with a diaphragm overlying them The pores 
play a role in the movement of fluid and sol- 
utes through the capillaries, and are particu- 
larly prominent in the glomerular capillaries 
The role of osmotic pressure and hydrostatic 
pressure m controlling the flow of fluids out of 


^ The absorption of liquids and tiny particulates 
by cells— “to drink ” 


the vascular svstem discussed elsewfiere 
?sect 3, chap 1) In Figure 4 the knobiike 
ends tjf Ivmphatic capiiidnes dre shown almost 
m contact with blood capiilanefe The direction 
of il<jw of fluids and solutes out of the arterial 
capiliarv and 'nlo tissue spaces and back into 
the venous capillaries and into lymphatic cap- 
illaries is shown b\ the arrows 
By combining the iniection oi colloidal ma- 
terials and electron microscopv fundamental 
observations have been made upon the struc- 
ture and function of the lymphatic capillary 
(Leak and Burke 1966, 1968 and Cliff and 
Nicoli, 19701 The endothelium of the lym- 
phatic capillaries is similar to that of the blood 
capillaries There is no basement membrane 
The diameters of the lymphatic capillaries 
vary widelv from dilated terminal capillary 
bulbs to structures that are either very narrow 
and slithke, or dilated capillaries, depending 
upon their state of function Pmocytosis has 
been clearly demonstrated, it is one method of 
transportation of material from the tissue 
spaces into the lymph capillaries The electron 
micrographic studies of the lymphatic endo- 
thelium show that m some areas away from 
the nucleus the endothelium is very atten- 
uated, being m some places little more than 
the two membranes m width The cytoplasm 
of the endothelial ceils is either mterdigitated 
or overlapping, although m some instances 
there appear to be wide gaps between the cells 
In addition, there are collagenous anchoring 
filaments attached to lymphatic endothelium 
and then extending out to unite with collage- 
nous bundles in the adjoining tissue The de- 
tail of this structure is shown m Figure 4 32 
When fluid accumulates m the interstitial 
spaces by transudation (or is injected, one can 
visualize that this fluid will occupy space be- 
tween the lymphatic capillary and tissue col- 
lagenous fibers Since the fibers attached to 
the lymphatic endothelium and the tissue col- 
lagen are inelastic one would expect the over- 
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Fig 4 31 Diagram showing the relationship of lym 
phatic capillaries to blood capillaries and to the tissue 
fluids around the acini of a gland Similar relationships 
exist in most of the organs of the body Arrows indicate 
the direction of flow of fluid leaving the arterial capillaries 
permeating the connective tissue spaces as tissue fluid 
and re-entering the blood capillaries on the venous side 
The lymphatic capillaries supplement the venous capil- 
laries in the drainage of fluid from the tissues to the 
circulatory system (From Copenhaver 1967) 

lapping endothelium to be pulled apart so as 
to provide large pores through which the 
edema fluid under greater pressure can flow 
into the lumen of the lymphatic capillary The 
combination of a mechanism to open up the 
spaces between endothelial cells and an active 
process of pmocytosis gives two mechanisms 
by which fluid and its solutes can be rapidly 
transported from blood capillaries through the 
interstitial spaces and then into the lymph 
capillaries In the bat wing Cliff and Nicoll 
(1970) have shown that the terminal lymphatic 
capillary bulbs enter into collecting ducts that 
possess a contractile wall and valves These 
emerge into transport lymphatic channels with 
very active contractility and valves The trans- 
port lymphatics combine into larger and larger 
lymphatic vessels propelling the lymph to and 
through lymph nodes and toward the great 
veins Ultimately major lymphatic vessels are 
formed m the extremities and within the vis- 
cera, and then merge into the large right lym- 
phatic and thoracic ducts From these lymph 
pours into the blood stream by way of the right 
and left subclavian veins, respectively 
In the course of flowing from the periphery 
to the entrance in the blood vessels, the lymph 
ftom through one or more lymph nodes As the 
approach the node, they break up 
mho clmnnete called the afferent lym- 
phatics, These penetrate into the sinuses of the 
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Fig 4 32 A three-dimensional interpretative diagram 
of lymphatic capillary that was reconstructed from col 
lated electron micrographs The three-dimensional rela 
tion of the lymphatic capillary to the surrounding connec 
tive tissue area is illustrated The lymphatic anchoring 
filaments appear to originate from the endothelial cells, 
and extend among collagen bundles elastic fibers and 
cells of the adjoining tissue area thus providing a firm 
connection between the lymphatic capillary wall and the 
surrounding connective tissue Irregular basal lamina 
and collagen fibers are as marked (From Leak and 
Burke 1968) 

cortex of the lymph node, then through the 
cortex and the medullary sinuses which are 
lined by phagocytic cells One or more large 
efferent lymphatics formed by confluence of 
the numerous medullary lymphatics emerge 
from the hilum of the lymph node, and pro- 
gress onwards to join the major lymphatic ves- 
sels 

In the walls of the abdominal cavity the 
lymphatics are most abundant on the under 
surface of the diaphragm, where the greatest 
lymphatic absorption takes place from the per- 
itoneal cavity There is also substantial ab- 
sorption into the lymphatics of the omentum 
Lymphatic systems exist in all organs with the 
exception of the central nervous system, 
cornea and the alveoli of the lungs Protein is 
not readily absorbed from the interior of the 
alveoli into the lymph capillaries because of 
the poor lymphatic supply, or possibly because 
it cannot readily penetrate the alveolar wall 
Water passes readily into the lung capillaries, 
however, because of the low hydrostatic pres- 
sure within them 
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THE FLOW OF WATER ElECTROLV^ES 
SMALL MOLECULES AND PROTEINS 
BETWEEN THE BLOOD AND LYMPH 

The rapid ilow ot ow^en and nutrient^ 
ceils and the return ot carbon diO\<(ie arc 
metabolic \\aste products is atcompL-^hed be- 
cause the blood capiilar\ memPrane ?s ireel\ 
permeable to water and crcstalioids There is a 
rapid and continual chans;e between the m^ra 
vascular and extrav ascular compartments bv 
diffusion The transcapillarv exchan^te tatves 
place on an exceptionalK iarste scale witnout 
an> perturbation to the circulating blood 
volume or the electroKte balance The magni- 
tude of this flow IS astonishing Once everv 
minute a quantitv equivalent to the total 
plasma sodium chloride and v^arer are ex- 
changed across the blood caDillar> membrane 
{Flexner et al , 1942, Merrell et al 1944, Chi- 
nard et al , 1955) This bulk movement of tiuid 
into and out of the blood capillaries depends 
on the balance of hvdrostatic and osmotic 
pressures acting across the capillarv endothe- 
lium The essential characteristic of a capillarv 
wail that regulates the net movement of fluid 
IS its relative impermeabiiitv to plasma pro- 
tein molecules The osmotic force exerted bv 
the circulating plasma protein molecules 
within the blood capillaries counterbalances 
the hydrostatic pressure in the capillaries The 
capillary wall, however, is not completeh im- 
permeable to plasma proteins, and all protein 
molecules leak through to a certain extent 
Nevertheless, they are found m the interstitial 
fluid and lymph m significanth lower concen- 
tration than in plasma (Wasserman and May- 
erson, 1952, Yoffey and Courtice, 1956/ The 
accumulation of proteins in the interstitial 
fluid, with an increasing osmotic pressure that 
would disrupt the balance of forces controlling 
the exchange of fluid across the capillarv 
membrane, is precluded b> the rapid flow of 
protein molecules directly into the lymphatics, 
presumably by a combination of pmocytosis 
and flow through the gaps in the lymphatic 
capillary endothelium 

The escape of plasma proteins into intersti- 
tial tissues vanes with the tissue, it is greatest 
in the liver Factors that control the escape of 
protein into the interstitial space are not easily 
described by any simple concept It has been 
shown that a quantity roughly 50 to 100% of 
the circulating plasma proteins escapes across 
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The con^ent^Lt’^jn A Kmuh ai- 

xa>s ViAer t^an plasma, even though 

there .s considerable variation betvveen l\m~ 
nhatic^' aepepGin^ upon the organ As ora^ or 
intravenous iljid intake is increased the pro- 
tein concentration ni Ivmph decreases 

Lvmph contain'- ail oi t^e coamlation fac- 
tors, and Clot'S aifFiough les^ readilv than 
blood plasma Tnere is a much higher concen- 
tration of some coagulatifm factors in the he- 
patic lvmph in c<mtrast to neripheral Kmph 
because these factors are made vcithm the 
liver Antibodies are found in the lvmph and 
will be discussed in more detail m Chapter 10 
Almost all of the enzvmes that are found in 
plasma are also found m l>mph to a lesser ex- 
tent 

The electrolyte concentration m lvmph is 
not essentially different from that of plasma 
The total cation is siighth lower m the lvmph 
than m the plasma and chloride and bicar- 
bonate levels tend to be higher The direction 
of these differences m concentration is con- 
sistent with the Gibbs-Donnan equilibrium 
operating on two phases whose concentrations 
of nondiffusible ions i proteins) differ 

Of the plasma lipids, cholesterol and phos- 
polipid, being mainly associated with protein 
as lipoprotein, are present in the l>mph m 
concentrations which varv with the level of 
protein in the lvmph (Yoffev and Courtice, 
1956) Neutral fat m the form of chylomicrons 
depends on the degree of fat absorption from 
the aiimentaiy^ tract In the postprandial state 
one finds large quantities of lipoproteins and 
fats in the lvmph coming from the gastrointes- 
tinal tract Between meals, the fat m the tho- 
racic duct drops to low levels 

The other constituents of the plasma that 
are readily diffusible, nonprotein and noneiec- 
trolytes are present m the lvmph m concentra- 
tions approximately the same as m the 
plasma After a carbohydrate meal w^hen the 
blood sugar rises rapidly or after intravenous 
injection of glucose, the lymph sugar lags be- 
hind but soon an equilibrium is established 
between the plasma and lymph The nonpro- 
tein nitrogen, urea, amino acid, and creatinine 
levels are nearly the same m plasma and 
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lymph Small differences observed probably 
arise from errors of the techniques 

The lymph contams cells Lymphocytes of 
all sizes and degree of maturity are the most 
numerous A very rare monocyte and macro- 
phage IS found Platelets are not observed Red 
cells, when present, indicate the degree of 
bleeding into the tissues as a result of injury, 
or when found in the thoracic duct suggest the 
presence of intestinal parasites Granulocytes 
are found in the lymph draining areas of infec- 
tion Plasma cells are also found in very small 
numbers The concentration of lymphocytes in 
efferent lymph leaving a lymph node is always 
much greater than that in afferent lymph The 
circulation of the lymphocyte, its proliferation 
and factors that influence this will be consid- 
ered in Chapter 10, along with the structure of 
lymph nodes and their role in immunity and 
defense against infection 

THE FORMATION PRESSURE, 

AND FLOW OF LYMPH 

Any condition that increases the outpouring 
of fluid from the capillaries into the tissues 
will increase the flow of lymph if there is no 
obstruction The factors influencing the flow 
are the contractility of the lymph vessels, ac- 
tivity of the skeletal muscles, peristalsis, and a 
differential pressure between interstitial 
spaces and lymphatics The average tissue 
pressure is about 1 9 cm of water, whereas, the 
pressure in the lumen of the lymphatic capil- 
lary IS 1 2 cm of water (McMaster, 1947) 
Tissue fluid, therefore, enters lymphatic capil- 
laries because of the gradient of pressure and 
through the gaps in the lymphatic capillary 
endothelium described earlier Presumably, 
the retention of fluid inside of the lymph capil- 
lary is in part due to the higher pressure of the 
interstitial fluid outside Propulsion of lymph 
from one region to another is brought about by 
the extrinsic and intrinsic forces described ear- 
lier The lymph pressure in the vessels will rise 
and the lymph will move centripetally to a 
region where the pressure is lower The nu- 
merous valves within the lymphatics prevent a 
retrograde flow of the lymph Since lymph 
flows centripetally along a duct there must be 
a gradient in pressure. During skeletal mus- 
cular contraction the lymphatics empty as 
tissue pressure increases, and during relaxation 
the vessels fill agam- 


FUNCTIONS OF THE LYMPHATIC SYSTEM 

A most important function is obviously the 
return of protein, water and electrolytes from 
tissue spaces to the blood The lymphatics are 
exceptionally important m the absorption of 
nutrients, particularly fats from the gastroin- 
testinal tract 

The lymphatics serve also as a transport 
mechanism to remove red blood cells that have 
been lost into the tissues as the result of hem- 
orrhage, or bacteria that may have invaded the 
tissues When there is an infection in a distant 
part of the body, the regional l>mph node 
becomes inflamed as a result of the localiza- 
tion of bacteria or toxins carried m the lymph 
to the gland The lymph nodes contam a very 
efficient filtration system m the cortical and 
medullary sinuses, these are lined with phago 
cytic cells that engulf bacteria and red cells or 
other particulate material The efficiency of 
the filtration system can be demonstrated by 
the direct perfusion of pathogenic bacteria into 
lymphatics that are afferent to a lymph node 
Simultaneous culturing of the efferent lym- 
phatic will show it to be sterile The capability 
of the lymph node to filter out pathogenic bac- 
teria can be overcome, however, and bacteria 
escaping through the efferent lymphatics into 
the blood may produce a septicemia 

CONDITIONS THAT INCREASE 
THE LYMPH FLOW 

1) Increase in Capillary Pressure Landis 
and Gibbon (1935) found that filtration from 
the capillaries shows a definite increase when 
the venous pressure rises above 12 to 15 cm of 
water The rate of filtration from the capil- 
laries is directly proportional to the increase m 
venous pressure (Fig 4 33) In their experi- 
ments, when the venous pressure was in- 
creased to any given level the filtration rate 
increased rapidly at first, but gradually slowed 
and finally ceased This falling off m the filtra- 
tion rate they ascribed to a rise in extracapil- 
lary pressure due to the fluid accumulation, 
which opposed the hydrostatic pressure within 
the blood capillary The accumulation of extra- 
cellular fluid may be expected therefore to be 
greater in regions that are loose m texture and 
where the skin is readily stretched In persons 
with firm, resistant skin, edema, for the same 
reasons, is later m appearing and less pro- 
nounced 
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Fig 4 33 Rates of filtration produced during 30 min 
by venous pressures between 20 and 80 cm of water 
(After Landis and Gibbon 1933) 


Increased pressure m the portal vein or in 
the hepatic veins, produced for example by 
obstruction, causes increased filtration into the 
tissues of the abdominal viscera and a great 
increase m the volume of lymph flowing 
through the thoracic duct Increase in arterial 
pressure, on the other hand, does not increase 
filtration in animals until the pressure reaches 
around 300 mm Hg 

2) Increase in Capillary Surface area. 
This increases the leakage of protein and fluid 
It may follow any change that causes disten- 
sion of the capillary vessels, eg., a) increase in 
capillary pressure, b) increase in the local 
temperature, or c) infusion of fluid 

3) Increase in Capillary Permeability. 

a) Rise in temperature locally may increase 
capillary permeability 

h) Capillary poisons such as peptone in- 
crease the flow of lymph from the thoracic 
duct, probably as a result of its injurious effect 
upon the abdominal capillaries The increased 
flow occurs after removal of the liver, so injury 
to the hepatic vessels is not essential Other 


substances that increase Hmph in this 

way are extracts to straw rjernes cravtish mus- 
sels leeches, histamine, and foreign proteins 
lo what extent this is due to a change in 
permeabiliU and to what extent it is a conse- 
quence oi capiliarv dilation is not kjif>wTi 

c\ Reduced ox\gen supply to the tissues in- 
creases Kmph flow, probabi> because oi dila- 
tion ot blood vessels but possibly also through 
damage to the cam!iar> endothelium 

4) Hypertonic Solutions The intravenous 
injection of a concentrated solution of glucose 
sodium «uliate, or sodium chloride causes an 
increased flow of lymph from the thoracic 
duct These substances m concentrated solu- 
tion may increase permeability of the capillary 
wall but also exert an osmotic effect that alters 
the normal equilibrium between the extra vas- 
cular and intravascular fluids Water at first 
enters the plasma from the tissue spaces, par- 
ticularly of the muscles and subcutaneous tis- 
sues of the limbs, which m consequence show^ a 
fall in volume, the brain shrinks Thus removal 
of fluid may actually extend to the fluids 
within the cells which undergo shrinkage, gen- 
eral desiccation of the tissues may result The 
blood volume for the time is greatly aug- 
mented, the excess fluid for the most part 
being accommodated m the capacious capil- 
lary and venous areas of the abdomen As the 
electrolyte injected moves out of the plasma 
and into the interstitial fluid it carries water 
with it The viscera — liver, kidneys, spleen, 
and intestines — then increase in volume, due 
not only to the distention of their vascular 
beds, but more importantly to the great out- 
pouring of fluid as well as of protein that oc- 
curs through the capillary wails This fluid 
then swells the volume of lymph m the tho- 
racic duct In this way these substances pro- 
duce a redistribution of fluid 

The injection of isotonic salme will also in- 
crease the passage of protein and fluid from 
the capillaries and increase lymph flow This 
too IS probably a consequence of the changes 
m osmotic and hydrostatic pressures in the 
capillaries 

5) Increased Function Activity. When a 
gland or muscle enters into activity an in- 
crease in lymph flow occurs which starts a 
little after the commencement of the secretory 
or contractile response, but is nearly synchro- 
nous with the increased metabolism resulting 
from the activity The increased flow is as- 
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cribed to a) formation of metabolites that in- 
crease the osmotic effect of the tissue fluids 
and cause more fluid to leave the vessels, b) 
vasodilation, with increased capillarv pressure 
and increased fluid and protein leakage 

During rest the flow along the lymph vessels 
of the muscles and subcutaneous tissues is 
slight, and the protein content of the lymph is 
high During activity the protein concentra- 
tions fall since less transuded water undergoes 
reabsorption into the blood and more is carried 
away by the lymph channels This may occur 
even though the leakage of protein from the 
vessels is greater The contracting muscles 
exert a pumping effect upon the lymph 
driving it along the vessels 

6) Massage and Passive Movement. These 
act to a certain extent like muscular activity 
They augment the blood flow, capillary pres- 
sure, and capillary surface and so increase 
lymph formation The manipulations and 
movements of the muscles serve to propel the 
lymph along the lymphatic channels 

Edema 

Edema is a term applied to an excessive 
accumulation of fluids in the tissue spaces, 
and is due to a disturbance m the mechanisms 
of fluid interchange, which have been consid- 
ered m the preceding pages Instead of there 
being a perfect balance between the inward 
and outward flow of fluid through the capillary 
membrane, absorption is exceeded by transu- 
dation The particular factor or factors of the 
mechanism that are disordered are not always 
clear, and a satisfactory explanation of all 
forms of edema cannot be given But from 
previous discussions it is evident that the fol- 
lowing factors will tend to increase the volume 
of interstitial fluid a) reduction in the protein 
concentration of plasma, (edema commences 
when the albumin fraction has fallen to be- 
tween 2 5 and 3%), b) a general or a local rise 
m capillary blood pressure, c) increased per- 
meability of the capillary membrane, d) in- 
crease in the filtering surface as when the cap- 
illaries dilate, and e) obstruction of the lymph 
channels 

There is a tendency for the accumulation of 
edema fluid to progress so far and then be- 
come stationary, provided that the conditions 
prodtufiiig it remain constant, for when the 
tismXe flaiid pressure reaches a critical level its 
opposition to the force driving fluid from the 


vessels prevents further transudation It should 
be appreciated too that as a source of edema 
fluid the plasma has definite limitations in a 
quantitative sense, and unless the total extra 
cellular fluid is increased a generalized edema 
cannot be very severe 

Since edema is only a symptom of some 
primary condition it may have a variety of 
causes, according to the particular disease with 
which it IS associated 

1) Cardiac Edema. In congestive heart 
failure there is both an increase m extracel 
lular fluid and a salt retention The volume of 
this extracellular fluid can be reduced by re 
striction of the salt intake or by the adminis- 
tration of diuretics that remove both water and 
salt Or it can be discharged by improving 
cardiac action by digitalis 

2) Mechanical Obstruction of Veins 
When the mam veins leading from a part are 
obstructed by any mechanism, as in cirrhosis 
of the liver, thrombosis, etc , an increased 
transudation of fluid occurs This is due in 
part to the rise in mtracapillary pressure and 
an increase in the filtering surface, but the 
permeability of the capillary wall may also be 
increased as a result of the impaired blood 
supply or, as in the case of tumors, probably 
by the production of toxic substances as well 

3) Edema Due to Renal Disease In 
chronic nephritis edema is not usually pro- 
nounced unless the heart is failing, however, in 
the nephrotic syndrome it is an outstanding 
feature In this condition a reduction in 
plasma protein as a consequence of the loss of 
protein in the urine leads to the passage of an 
abnormally large volume of fluid from the cap- 
illaries throughout the body This in turn is 
probably responsible in some way for renal 
retention of salt and as a consequence of this, 
retention of water 

4) Inflammatory Edema. In this type sev 
eral factors combine to produce the fluid infil- 
tration of the tissues Increased capillary pres- 
sure occurs, due to dilation of the vessels and 
local slowing of the blood stream as well as to 
thrombosis and obstruction of the returning 
veins There is an increase in the filtering sur- 
face too, and the lymphatics for a variable dis- 
tance from the inflammatory area are ob- 
structed as well The capillary walls are also 
seriously damaged by the bacterial toxin or 
other injurious agent, so that a fluid with a 
high protein content escapes from the vessels 
The edema is localized to an area of varying 
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extent surrounding the mjured '-ite C'e^taun 
analgesics, e g , aspirin, morphine and Dem- 
erol, tend to reduce the edema oi simple in- 
flammation 

5) Giant Edema This is a localized ntmin- 
flammatorv edema that comes on great 
rapidit\ and mcoKes the loose areolar tis'-.ue m 
regions such as the hands lace, externa! geni- 
talia or larynx It has a lamilia! trend Littie is 
known defmiteh regarding the mode oi its 
production A histamine-like substance liber- 
ated at the site of the edema ’s apparenth the 
immediate cause The remote exciting cause 
frequently a foreign protein consumed in the 
diet, which apparenth gams access to the 
blood stream m a more or less unchanged 
state, for the attack often follows a particular 
food to which the subject is susceptible, and is 
sometimes accompanied by gastrointestinal 
disturbances The effects are therefore of an 
anaphylactoid nature and constitute one t>pe 
of allergy 

6) Edema Caused by Malnutrition or Toxic 
Substances Edema may occur m the anemias 
or in conditions m which the general nutrition 
of the body suffers When the diet is deficient 
m vitamins, or there is too little fat or protein 
in the diet edema may occur, as in beriberi, 
scurvy, “war edema,” or in the faulty nutri- 
tion of infants In animals edematous condi- 
tions have actually been induced by general 
underfeeding, or by a diet deficient in fat and 
soluble vitamins, or by one deficient in protein 
alone The factors responsible for the increased 
transudation m these cases are not always 
clear, but in others there is a marked low^ering 
of plasma protein (more particularly the albu- 
min), which alone is sufficient to account for 
the edema 

Certain chemical substances such as arsenic, 
salts of heavy metals, and the toxins of certain 
infectious diseases, such as diphtheria, acute 
nephritis, etc , are known to act as capiliarv 
poisons and apparently cause edema m this 
way An interesting type of toxic edema is that 
which may be produced in animals by the 
injection of hematoporphyrm This substance 
sensitizes the tissues to ultraviolet rays, and 
the edema occurs only after the exposure His- 
tamine causes local edema at the point of 
injection by inducing capillary dilation and in- 
creased permeability of the membrane, 

7) Chronic Lymphatic Ohstoruction. Wide- 
spread obstruction of the lymph vessels may 


re^uT di»(*rders of 

the Lmnn - L^raDhedema oi tde la- 
ri ual t\»je cahed M s Acquired 

Iimoheciema h ol the 

ixmnh thanne^^ b\ pefipla>m, stars uperdti\e 
oi Arnpb node^ and norusis tjuseci 
\ ra\ theraoc It inu\ aAo toilow a 
grade bmpharg-ds irorn hlar'd^is i\m- 

pnogranuioma \enereuni or trom repeated 
^treptnccal iFieiticms The iuanal parasite 
tmds its v\a. the Kmph vessels of the 

limbs and blocks 'urnen^ with the pro- 

duction ot the condition keowr as elephan- 
tiasis 

Sec ere edema ma} occur in the toot and 
ankle after Iracture dislocatams, and exten- 
s.ce Hemorrhage due to in]ur\ to Kmphatic 
capillaries It ma\ be months particularic m 
older persons, before Icmphatic drainage is re- 
established Compression bandages enhance 
ivmphatic drainage 

For the absorption of fluid the pleura! cavi- 
ties depend upon the i\mph channels, the ac- 
cumulations oi fluid ma\ occur here as a result 
of lymphatic obstruction The edema asso- 
ciated \\ith carcinoma is due chiefly to the 
tilling of the Kmphatic channels with cords of 
cancer ceils, as well as to venous obstruction 
caused b> the pressure of the growth The 
'‘milk leg” of the puerpermm is m part due to 
Kmphatic obstruction The tissue fluid m 
these types of edema has a reiati\e!\ high con- 
centration of protein 

In the earl\ stages, lymphedema cannot be 
distinguished from am other form of soft pit- 
ting edema On examination of the fluid, the 
high protein concentration separates it from 
cardiac and nephritic edema but not from the 
fluid of myxedema Ultimately, l>mphedema 
causes fibrosis m the tissues, and m time the 
tissues become hard and brawny The skin 
may be thick and folded with mduient ulcers 

8) Heat Edema* The effect of heat upon 
capillar> permeability has been mentioned 
Excessive heat mav actually lead to edema in 
man It occurs in the tropics and occasionally 
m so-called temperate zones during intense 
heat wave It is usually greater m dependent 
portions of the body Increase in blood volume, 
enlargement of the filtering surface as a result 
of the opening up of fresh capillaries, and the 
rise in capillary pressure incident to the dila- 
tion of capillaries previously patent are also 
fectors in the production of this type of edema 



no / LYMPHORETICULAR SYSTEM AND 
THE LYMPHOCYTE 


The lymphoreticular system includes the 
thymus, lymph nodes, spleen, lymphoid tissue 
of the alimentary tract, blood and tissue lym- 
phocytes, the bone marrow lymphocytes, and 
the ceaseless traffic proceeding among these 
tissues through the blood and lymphatics Rich 
(1936) stated that ignorance about function of 
the lymphocyte was disgraceful because pa- 
thologists had known for over a century about 
the presence of lymphocytes m the sites of 
chronic infections, the large size of lymph 
nodes during immunization and in the pres- 
ence of local infections The vast number of 
lymphocytes in the body indicated a vital al- 
beit unknown function Yet precise knowledge 
was lacking, and speculation was based on 
concepts such as possible association of lym- 
phocytes with immunological processes In the 
interval since Rich’s comment, a plethora of 
techniques has developed for the study of lym- 
phocytes and their relationship to immunity, 
with the result that knowledge is increasing 
exponentially Before proceeding to the cellu- 
lar events connected with immunological proc- 
esses a discussion of immunological responses 
and theories of immunity is required 

immunological Responses 

TYPES OF RESPONSE 

Two general types of immunological re- 
sponses are recognized 

1) The first produces humoral antibodies 
(immunoglobulins) Classically this type of 
response has been divided into the primary 
response in which a low but detectible titer of 
antibody is produced, and the secondary re- 
sponse which comes from introduction of the 
same antigen 2 to 3 weeks later At this time 
the antigen produces an exponential rise m the 
serum antibody concentration, and at the cel- 
lular level is accompanied by rapid develop- 
ment of germinal centers in lymph nodes and 
spleen,, with intense cellular proliferation (Cot- 
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tier et al , 1964a) The notion that a primary 
response represents a first contact with an an- 
tigen must be questioned In fact, the idea of a 
“virgin” immune response is questionable and 
difficult to rationalize with current thinking 
Nevertheless, the existence of phenomena 
called primary and secondary responses is not 
questioned These phenomena are probably 
best explained as a result of antigen dosage 
and timing that determine the number of cells 
recruited into antibody synthesis 
Antibody can be found free in the serum (as 
well as within cells of all stages of maturation 
from small lymphocyte to the fully developed 
plasma cell) Although the appearance of anti- 
bodies in high concentration in plasma during 
the course of an infection had been considered 
beneficial, the use of antibody-containing anti- 
sera m patients with overwhelming infection 
was disappointing For example, in preanti- 
biotic days it was quite evident that blood cul- 
tures became gratifymgly negative after large 
quantities of antipneumoccocal sera were given 
intravenously to patients with lobar pneu- 
monia Alas, the patients frequently died This 
lack of therapeutic benefit has been attributed 
to the fact that in pneumonia large areas of the 
lung are “consolidated,” with relatively little 
circulation through the affected region In ad- 
dition, the immunoglobulins are large mole- 
cules and will not diffuse through the capillary 
endothelium unless there is a marked inflam- 
matory response When they are released di- 
rectly into the tissues, by contrast, the difhi- 
sion distances will be short It has been pro- 
posed that a major function of those cells that 
contain antibodies is the transport of specific 
antibody by migration of cells to anatomic 
sites where antibody is needed and to which it 
can not diffuse readily as a large molecule 
(Hall, 1969) 

2) The second type of immunological re- 
sponse IS mediated by cells, serum antibody is 
apparently incidental In these reactions, cells 
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ot a l\nnphoc\tic iarcik de\eiop a- uarf tit au 
immunological reaction, later make d rec^ i 02 . 
tact \vith the antij^enic material and "p 
\arious ways lead to its destructior or rejec- 
tion Examples are delated hvper^en^it^ jt\ 
allo^ratt rejection and iinmunolu4i( ai 
lance for mutant cells I cancer autoimmune 
clones, etc | harmful to the host 

Humoral and all Upes ot cellular ipimun.tv 
in\olve recognition oi antigen b\ ceus, fol- 
lowed by cellular differentiation and pro’ iem- 
tion to amplify the reaction The l\rrphf.c\tes 
are unquestionally m\oKed and m the center 
of immune responses An understanding ot the 
migration pathways, lifespan proliferation 
rates, pool sizes and fluxes of hmphocytes 
between blood and the dnerse tissues and the 
factors regulating the population size ot these 
pools IS crucial to an understanding of humoral 
and cellular immunity 

THEORIES OF THE CELLULAR BASIS 
OF IMMUNE RESPONSE 

The instructive theory of antibody formation 
assumes that there are cells capable of re- 
sponding to a huge variety of antigenic sub- 
stances by differentiation and proliferation 
that produce a family of cells that synthesize 
the antibody complementary to the antigen 
This view is called "‘instructive” because it 
postulates that the antigen is providmg the 
cells with information and instructs them to 
produce the particular antibody The concept 
can be presented, not in terms of a “template” 
idea (Pauling, 1940), but rather in molecular 
biological parlance Thus, the antigen may be 
derepressing the genomes carrying the code for 
the immunoglobulin complementary to the 
antigen The code is transcribed The mes- 
senger-ribonucleic acid (m-RNA) passes into 
the cytoplasm and its message is translated 
into the antibody by the protein synthesizing 
machinery This concept requires that all lym- 
phocytes be able to respond to any antigen, 
this, however, does not appear to be compat- 
ible with the present information 

A second theory of antibody production is 
the clonal selection theory (Burnet, 1959) This 
theory envisions that during cell replication 
there develops a population of progenitor cells 
heterogeneous in respect to their capacity to 
respond to various antigens This hetero- 
geneity IS believed to arise from somatic muta- 
tions, which affect the cellular genomes so that 


t ich lue 1- )n ' a -^peciiic 

autijtr iPi- niU ^ utneit» - de- 
velop r^v aafi tfe jnf eA ent of 

a ^pei’iw aut.ue^ 

A bar pr,t estci.biAned to 

mu ^no n^icai betiavom might err^- 
brace ^he ng !£a?ure& The aniigen must 

hf recognized Ine method lor cei 

luiar recognU'on ol to be the 

pos^e'^slon of a coat iig oi eomplementarv anti- 
bocl\ *0 trap the ankgen as it b\ the 

cell, or to t'-ap the ceii as ’t uas»es oy the an- 
tigen cie[X8Sit Immunoglobulm toatingoi some 
ivmphotvte*^ ircma sulena i\mph nodes* bone 
marrow, and ulood «but md th\mic lympho- 
cytesp has been shown ^Ratt et a! 1970, Rabel- 
iiOu et ai , 197UP Since all pnTeins and iither 
molecular constituents ol cells except deoxyri- 
bonucleic acid ^DXAt are m a stead\ state of 
molecular turnctver it follows that these ceils 
must be scnthesizing antibody albeit ver\ 
siowh Therefore, it is only necessary to am- 
phfv the rate oi svnthesis of antibodv at the 
ceil level To do so this cell must synthesize 
more protein tor which more mitc^choiidria 
m-RNA, transfer ftpRNA and riDosomes are 
needed Their rate of energy exchange becomes 
greater The cells hypertrophv (diiierentiate 
and transform) which m accordance with the 
“critical mass” concept^ iMazia, 1956, John- 
son 1969) leads to mitosis and amplification 
by increased cell numbers 

In terms of the preceding notions one can 
visualize the primary antibody response as fol- 
lows A few ceils with little antibody trap a 
little antigen and their protein machinery is 
stimulated a little Although there is short 
term proliferation of cells the process does not 
continue so as to yield a steep exponential in- 
crease Only a low titer of antibody results 
While the preceding continues, antigen is 
being degraded Such a mechanism would 
appear to have a threshold, such that tmy 
amounts of antigen would not produce a detec- 
tible effect 

When the second antigenic stimulus is ap- 
plied the amount of antibody per cell and the 
number of cells are greater More antigen is 
trapped, and thus, the stimulus for antibody 


^ This concept says cells divide when they become 
too large and inefficient machines and implies that 
regulation of cell division is controlled by an internal 
cell feedback loop and not through feedback loops 
external to the cell 
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synthesis and the concomitant proliferation is 
greater The stimulated cells expand exponen- 
tially now on the steep part of the curve Ger- 
minal centers “blow up ” Exponential in- 
creases in antibody titer are observed with a 
steeper slope A natural concomitant of such a 
system must be a built m negative feedback 
mechanism that somehow turns off the multi- 
plication processes A large number of cells do 
migrate into the gut, as will be discussed later 
The modified instructive theory described 
above predicts that cells could respond to sep- 
arate antigens and produce more than one an- 
tibody, whereas, the clonal selection theory 
predicts that the antibody produced by each 
clone should have a specificity for its antigen 
Some cells have been found producing two dif- 
ferent kinds of antibody It appears, therefore, 
that neither the clonal selection theory nor the 
modified instructive concept is exclusively cor- 
rect, and that some combination of the two 
will prove to be needed 

IMMUNOLOGICAL UNRESPONSIVENESS, 
PARALYSIS, TOLERANCE 

Although antigen is accepted as one of the 
prime regulators of antibody synthesis, the 
usual response of transformation and prolifera- 
tion of cells producing the specific antibody 
does not always occur A second type of re- 
sponse IS possible in which no immunological 
reaction is observed, at least for a period of 
time after introduction of the antigen there is 
no antibody production This immunological 
paralysis is achieved only under special cir- 
cumstances by the use of very large doses of 
antigen (Felton, 1949) 

In newborn animals and the fetus the failure 
to respond has been observed following the 
administration of many different kinds of anti- 
gen, including homologous cells and foreign 
proteins This is called actively acquired im- 
munological tolerance (Billingham et al , 1954) 

A potentially clinically important aspect is 
the induction of tolerance to tissues with histo- 
compatibility differences If tolerance is in- 
duced in a newborn mouse by the injection of 
spleen cells from a different strain of animal, 
the injected animal becomes tolerant When it 
becomes an adult it will accept skin grafts 
from animals of the strain from which the cells 
originally obtained The tolerance to 
Itose §feuni grafts is specific, because the recip- 
emmal rejects grafts obtained from mice 


of a third, unrelated, strain A thorough under- 
standing of tolerance might lead to mechanisms 
by which transplantation of organs could be 
accomplished with impunity 

THE THYMUS IN IMMUNITY 

Current thinking relates the thymus to the 
development of the cellular immunity shown 
in allograft rejection and antibody formation 
via the concept that its cells are derived from 
the mammalian equivalent of the lymphoid 
bursa m birds (Meuwissen et al , 1969) Al 
though this is an attractive hypothesis there is 
no clearcut evidence for the existence in mam- 
mals of an equivalent of the bursa of Fabncius 
in birds For the time being an open mind on 
the subject is required 

Thymectomy of the newborn mouse origi- 
nally led to the notion that the thymus is es- 
sential for the development of immune re- 
sponses, since in initial studies the mouse 
thymectomized at birth accepted skin grafts 
from unrelated mice and often failed to re- 
spond to antigen with the production of circu- 
lating antibody (Miller et al, 1962) However, 
in repetition of these studies on pathogen-free 
animals (Hess et al , 1963) or the germ-free 
animal (Miller 1967), removal of the thymus 
did not suppress humoral or cellular immu- 
nity, and the animals responded normally to 
antigens and rejected the skin grafts (Hess et 
al , 1963) No one questions the fact that the 
thymus is related to immunity, but its precise 
role is not yet clearly established Thymec- 
tomy m the adult diminishes the lymphocyte 
count in the blood and output of thoracic duct 
lymphocytes, but has little influence on im- 
mune process Perhaps the sole function of the 
thymus is the production of vast numbers of 
lymphocytes 

Lymphocytes 

The lymphocytes occupy a central position 
in humoral and cellular immunity and as such 
their characteristics and behavior are essential 
to an understanding of these phenomena 

HETEROGENEITY OF LYMPHOCYTES 

The lymphocytes constitute a family of cells 
of different tissue origins, migration patterns, 
size, staining characteristics, ultrastructure, 
lifespan, and function Thoracic duct lympho- 
cytes consist of two overlapping populations 
on the basis of volume (Sipe et al , 1966) The 
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smaller cell has a medsar M)uime < 'i ^'' a ^rn ' 
and the lancer rred a^ \ hame <h ih4*' prr 
MorphoiogicdlK the ^maJ ^ 

ti\el\ featureless 'd a iijmode* nu- 

cleus with a nucie<ilus and c\tona^m con- 
taining a Golgi apparatus, a tew m tHchnnaria 
ribosomes and a po4irl\ de‘\ei ^pfd cnc^u- 
plasmic reticulum The ^nlah \mphuc%te'- 
appear to be metdboiicalK relaiuei\ 'na^-twe 
The larger hmphoc^Ue& ha\e more numerous 
ribosomes and in some instant es ha\e nuhr - 
bosomes with a rapidK decelopng encit?- 
plasmic reticulum There are all gradation^ 
between these cells and mature ph^ma teli^ 
that contain an e\ceptionall\ well-organized 
endoplasmic reticulum to which are attached 
innumerable ribosomes I Fig 4 OA} The plasma 
cells thus possess the full efficient apparatus 
for protein synthesis Ail stages of Umphoc\tes 
ranging from the small featureless cell to the 
characteristic plasma cell scnthesize pr(4ein 
and specific antibodies 

The lifespan of l>Tnphocytes \anes from a 
few hours to years By continuous infusion of 
tritiated thymidine into animals to label each 
lymphoc>1:e as it is born, it has been shown m 
rats that the class of smaller hmphoc\tes has 
a median survival time of about 1 month while 
5 to S^c had lifespans greater than 9 months 
(Robinson et al , 1965) The larger l>mphoc\tes 
also are divided into cells with lifespans of the 
order of 1 to 2 da\s and others with a max- 
imum lifespan of about 60 da\s (Little et ai , 
1962) It has been suggested that hmphocvtes 
m human females have a mean lifespan of 530 
d: 64 days (Norman et al , 1965) The long 
lived lymphocytes are believed to be immuno- 
logically committed and to serve as a basis for 
immunological memor\ (Fitzgerald 1964, 
Go wans and Uhr, 1966) The long lived cells 
are produced at a rate proportional to bodv 
growth, and recirculate from the blood to 
lymph (Everett et al , 1964) Heterogeneity of 
function will be discussed later 

THE GENERATIVE CYCLE 
OF LYMPHOCYTES 

Methods described in Chapter 2, using triti- 
ated thymidine labeling of DNA and observa- 
tion of the flow of cells through mitosis, have 
revealed many parameters of the cel! cvcle of 
lymphocytes In the rat spleen, the lymphatic 
nodules exhibit a DNA synthesis time of 5 hr , 
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( enter ^ e 1- me m ivcie aid v « nw 1 ^ 
ai the ee. ^ *me martle -urn 
v,e’^rruna eeruer cir»- n \buut U me 

mesnt e eed«- 4'aoH ^re r (i -t *te Tdiedner 
et ai n,t AnuTai v*c- ir an t^e tbf»- 

^ac c auG oi tu a - . 

m,at the gererat * e * me is about 5 . t( 
r' pr \\ tn a DNA time tb 4 hr and a 

nutui.t time mr ' da tier et a. 

I L\mphoc’mt*- nd\e -porte&t 
escle oi mammaban 

During antigenic atimu.u- tne t»me tliat it 
takes for a p^uuGtior )i ceb^ dtuble iii 
numoer is about 24 hr ^CaDaibo and Making- 
dan 19641 Since this doubling time ,s sub- 
stantially longer, than the generation time 
de'^enbed above it appears that there is ^finie 
death ot lvmphoc\tes during antigenic stimu- 
lation since the doubling time and the genera- 
tion time are equal only li ail ot the labeled 
cells diMde and there is no death oi the 
progenv 

Studies on Kmphocvte production shows 
that 0 5 to 2> of the DNA uf rodent hmpnoid 
tissue IS renewed per hour m Kmph nodes and 
the thymus ^Schooley, 1964) It is eas\ to 
measure by DNA labeling the number of cells 
emerging from the thoracic duct and the frac- 
tion ot these that are newlv produced It is »ti!! 
very difficult, however, to get an\ realistic es- 
timate of the absolute production rate oi new 
lymphocytes in all of the different hmphocvtic 
organs There are too many uncertainties in 
determining the migration pattern, the frac- 
tion ot cells that are recccbtig from blood to 
lymph, the reutihzation of DNA labeling ma- 
terials, and the possibiiitc of death of cells 
from antigenic or other stimuli 

Under normal conditions the mass ot the 
adult lymphoreticular system is relati\el\ con- 
stant, implying that there is a balance between 
the production and death of cells produced m 
response to some small constant input ot anti- 
gens absorbed from the gastromtestmal tract, 
from the skm or elsewhere One can determine 
the number of newly produced Hmphocytes 
that leave a single lymph node by combining 
efferent duct cannulation with arterial perfu- 
sion using tritiated thvmidme m order to label 
the DNA of all new cells The absolute produc- 
tion can be determined from the replacement 
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Fig 4 34 This is an electronmicrograph of a human plasma cell obtained by marrow aspiration The cytoplasm 
contains a well developed endoplasmic reticulum to which are attached ribosomes Magnification X 24 000 (Picture 
courtesy of Dr A F Howatson Preparation by Miss M Nagar) 


of unlabeled by labeled DNA per unit time the steady state represents the mtranodal cel- 
divided by the average DNA per cell, plus the lular death rate of cells produced m the node 
npraber of labeled cells leaving the node The Imperfect knowledge of lymphopoiesis, how- 
replacepaent.of unlabeled by labeled DNA m ever, prevents an accurate assessment of the 
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absolute production rates that can be deter- 
miined for er\thropoies5s and cranuhipoiesi^ 

RECIRCULATION OF LYMPHOCYTES AND 
MIGRATION PATHWAYS 

Examination of Kmph from the thoracic 
duct m several mammalian specie^ has shts'w.r 
that the output of Ivmphocvtes is sufficient to 
replace all of those m the circulating bloijd 
several times dailv (Drinker and Yotfev, 19411 
The actual number ot ceils that enter the 
blood from the thoracic duct each da> is verv 
large, of the order of 10^ m the rat and propor- 
tionately more m larger animals In the ateadv 
state whatever number of ceils enters the 
blood must either be destn)>ed, migrate else- 
where, or recycle from the blood to the Kmph 
and back agam Two techniques have made 
possible the solution of this problem First, a 
technique for collecting lymph from the tho- 
racic duct of unanesthetized rats over long pe- 
riods was developed (Bollman et al , 1948) 
Second, tntiated thymidine and other pyrimi- 
dines were introduced into the study ot cell 
kinetics m mammals (Hughes et ai , 1958) and 
into the study of lymphopoietic tissue 
(Cronkite et al , 1959) The combination of 
these two procedures provided the answ'er that 
most of the turnover ot lymphocytes is more 
apparent than real, since the same lympho- 
cytes continuously recycle from blood to 
lymph through the postcapillary venule-^ of the 
lymph node, and then are swept back into the 
lymph as it filters through the sinuses of 
lymph nodes (Gowans, 1957, 1959, Everett et 
al , 1964, Gowans and Knight, 1964) The route 
of the migration of the lymphocytes through 
the postcapillary venules is believed to be 
through the high endothelial cells (Marchesi 
and Gowans, 1964) However, lymphocytes also 
proceed between endothelial cells (Smith et 
al , 1970), like granulocytes and monocytes 
Whether this endothelial transit is unique can 
be questioned since red cells also proceed 
through the endothelial cell under some cir- 
cumstances (Johnson et al , 1966) In addition 
endothelial cells are phagocytic at times and 
actively engaged m pmocytosis 

Much is now known about the migration 
pathways of the ubiquitous lymphocyte (Fig 

^An anatomically characteristic venule with cu- 
boidal endothelium located m paracortex of lymph 
nodes and seen m tonsils and Peyer’s patch Lym- 
phocytes migrate through the wall of this vessel 


I The Old ccmcept that tliere is a major 
migratam u: smaP Ivmphocvtes from 

the bk^od to the marrow, accounting for the 
daJv reoiacer'ent factor iDRF«, and that these 
migrants are tra»i<io^med and serve as stem 
celK fYotlev and Courtice 1956) is not now 
accepted On the contrary, there is no doubt 
about a substantial proliferation of Kmoho- 
evtes within the bone marrow and their migra- 
tion into the blood i Osmond and Everett, 
1964 E\ erett and Caitrev, 19671 The evidence 
lor proliferation <4 small lymphocytes m the 
marrow is unequivocal even though the nature 
ot the precursor ceil is not clear It is conceiv- 
able that the small lymphocyte is in a long G, 
or Gu phase and undergoes transformation and 
proliferation The large scale intramedullarv 
production of ivmphocvtes as well as the 
minor migration of lymphocytes into the 
marrow demands either a large scale intramed- 
ullary death or else a migration of cells out of 
the marrow to maintain steady-state condi- 
tions Lymphoevtes have been seen migrating 
between the sinusoidal endothelial cells of the 
marrow (Hudson and Yoffey, 1966) Elegant 
studies on marrow transplantation using chro- 
mosome markers have shown that the bone 
marrow contains cells capable of repopuiatmg 
the aplastic thymus, spleen, Kmph nodes, and 
the bone marrow of otherwise fatally irradiated 
mice (Ford et ai , 1956) This depends upon a 
slow migration of cells that takes several weeks 
to achieve complete regeneration of hemato- 
poietic tissues The migration rate of marrow 
lymphocytes under steady-state conditions m 
the adult has not been established There is 
also some evidence that bone marrow derived 
cells are the precursors of antibody-synthe- 
sizing cells (Miller, 1967, Mitchell and Miller, 
1968, McGregor, 1968) 

The evidence for migration of cells out of the 
thymus during fetal life and in the newborn 
mouse is likewise unequivocal (Michaike et al , 
1969) The lymphocytes leave the thymus both 
by lymphatics and by blood vessels (Kotani et 
al , 1966, lono et al , 1970) They migrate as 
shown in Figure 4 36, becoming concentrated 
first in the spleen at the marginal zone as il- 
lustrated m Figure 4 17 of Chapter 3 Appar- 
ently the lymphocytes flow at the periphery of 
the blood in the central arteriole of the white 
pulp Plasma rich m lymphocytes is skimmed 
out into the small branches penetrating to the 
marginal zone (Weiss, 1962), where the labeled 
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The Ubiquitous Lymphocyte 

Fig 4 35 The ubiquitous lymphocyte and its exchanges with blood and tissues 



Thymus Migration 


Fig 4 36 Schematic routes of migration of thymic cells showing sites of relative concentrations in the tissues and 
the return to the corticomedullary junction 


lymphocytes are first seen From there they 
migrate into the penartenolar lymphoid 
sheath, then move towards and concentrate 
^ound the central arteriole of the white pulp 
(Goldschneider and McGregor, 1968, Ford, 
fk'otn which they enter the blood by an 
undisclosed route The spleen contains no 


blood vessels similar to the postcapillary ven- 
ules of lymph nodes 

The migration of lymphocytes out of the 
blood is not exclusively through the endothe- 
lium of the postcapillary venules since many 
cells are also found moving in between the 
endothelial cells After the cells leave the ven- 
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ules they pass through ^aps in tne 'kVaii-- the 
lymphatic capillaries and are ^wept clt iH tne 
i>mph stream The mechanisir that directs 
this large scale, rec\ cling traflic tnrougn ire 
endothelium of the postcapiilan cenaless i» n''>t 
understood it has been sho\^n, nov%e\er that 
treatment of l>mphoc%tes uith trvp^m and 
neuramidase pre\ents the entr\ <4 Kmpho- 
cytes into the l>mph nodes but does not influ- 
ence their migration into the spleen {Woudrufr 
and Gesner, 19681 These obser\atio'is sugge>t 
that siaiic acid pla>s an essentia! rule m al- 
lowing the cells to migrate through the post- 
capiilary endothelium 

Although the paracortical areas oi the hmph 
node and the dense white pulp of the spleen 
have been defined as th>mus dependent areas 
(Parrott et al , 1966), this concept can be ques- 
tioned Long term studies on the migration of 
labeled thymic lymphocytes show that these 
cells “home” not only on the so-called thymic 
dependent areas but also migrate out into the 
red pulp, the outer cortex of the hmph nodes 
and into the medulla An occasional thymic 
cell migrates back to the thymus in the region 
of the corticomedullary junction These cells 
appear to be short lived or else di\ ide rapidly, 
since none was found m the tissues 96 hr 
after termination of the study of lorio et ai , 
(1970) 

There is a considerable production of lym- 
phocytes m the spleen Moreover, lymphocy tes 
recycle through the spleen at a rate propor- 
tional to their concentration m blood, with a 
minimum transit time through the spleen of 
about 2 to 3 hr The route of migration in- 
volves the trapping of lymphocytes m the 
marginal zone from which they enter the white 
pulp Labeled lymphocytes are first seen in the 
marginal zone, later in the dense white pulp of 
the pen arteriolar sheath, and then concen- 
trated around the central arteriole and later in 
the red pulp The lymphocytes that recycle 
through the spleen can also recycle through the 
lymph nodes There is also a well-established 
recycling of lymphocytes through postcapiliary 
venules in the Peyer’s patches of the gut A 
substantial production of lymphocytes occurs 
m the gut-associated lymphoid tissue with 
some newly formed cells entering the blood m 
addition to the recycling There is also a con- 
tinual migration of lymphocytes into the 
lumen of the gut (Kotani, et ai , 1967) By 
cannulating afferent lymphatics one can deter- 


m’Tie trut a lymoh"' 

tne tre interstitial 

and oai-k mto Lmnn 
thounr the i omen’' rat tes m 

nurmai ahertn* Kmuh is \er\ c^muarta tr» 
ellertrt 

It the e!!e’*ent h mohat^c ui a -..ngle Kmoh 
nude is cannukteCil and Ora ned contiiiualU 
tne ana^omii structure ol tne i\mph node 
remam» tne hame (Had ana Morris, 

These result-' ind.tate that the eiterent smah 
Umphoc^les are rec>cln*g tnrounh the noae 
Injm elsewhere «n tne and that the large 
cel^s oroOuced within the nt^de luntinue to oe 
oroduced at the ^ame rate despite their loss 
irom the bud\ 

Considerable mlormatiim nas been obtained 
on the size ot l\mphoc\te pools and the ki- 
netics oi their depletion by prolonged drainage 
of l>mph irom the bod\ or by extracorporeal 
irradiation oi the blood or Kmph In the latter 
technique either blood or Kmph is diverted 
through a radiation source that delivers a dose 
sufficiently High to kill the 1 vm phot \ tes Fol- 
lowing their return to the circulatory svstem 
they are removed irom the circulation and de- 
stroyed During depletion studies the thvmic 
cortex IS diminished m thickness, and the cor- 
ticomeduilarv ratio is decreased Splenic 
lymph ioliicles are markediv decreased m size 
as a result of a loss of small lymphocytes trom 
the cuffs surrounding the germinal centers 
and there is also a remarkable loss ot lympho- 
cytes from the less densely populated areas oi 
white pulp, as well as from the red pulp The 
germinal centers m the spleen and ivmph 
nodes are intact There is a striking diminu- 
tion in the population of the paracortical areas 
of the lymph node and relatively little change 
in the outer cortex From these studies it has 
been concluded that lymphocytes m the outer 
cortex of the lymph node are relatively tightlv 
fixed and mobilized slowly, whereas, the lym- 
phocytes oi the paracortical area are mobilized 
easily (Cottier et ai , 1964b, Ruchti et al , 1970) 
In the rat the mobiiizable lymphocyte pool is 
approximately 7 8 x 10® ceils per kilograms of 
body weight (Caifrey et al , 19621 In the calf 
the lymphocyte depletion process consists of 
two exponential components The fust compo- 
nent represents a pool of readily accessible 
lymphocytes that are mobilized with a half 
time of about 1 2 days The average size ot this 
compartment is about 4 8 10® small lympho- 
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cytes per kilogram (Schnappauf and Schnap- 
pauf, 1968, Cronkite et al , 1968) The half 
time of depletion for the less accessible lym- 
phocyte pool IS of the order of 30 days Reple- 
tion of the lymphocyte pools follow also a two- 
component pattern One is relatively rapid 
and takes place in a few days, whereas, in 
some animals it has taken over a year for blood 
lymphocytes fully to attain predepletion 
levels A schematic presentation of the flow 
rate of lymphocytes from blood to tissues to 
lymph nodes based on studies in the calf is 
shown in Figure 4 37 

The injection of complete Freund’s 
adjuvant® subcutaneously produces a granu- 
loma having blood vessels resembling postcap- 
illary venules, and sustaining a flow of small 
lymphocytes in the draining lymphatic about 
equivalent to that of a lymph node of the same 
size (Morris, 1968) Regional antigenic stimula- 
tion of a lymph node induces transformation 
and proliferation of lymphocytes that can be 
seen flowing into the efferent lymph of the 
stimulated node These cells are secreting an- 
tibody and have a well-developed endoplasmic 
reticulum (Hall et al , 1967) The presumption 
is that these cells migrate into the tissues and 
complete differentiation into plasma cells If 
these lymphocytes are diverted from the body, 
the immune response is limited to the lymph 
node But, if they are returned to blood the 
immune response becomes generalized, thus, 
proving that the obligatory exit from lymph 
nodes is through the efferent lymphatics 

Even though the cells that emerge from the 
lymph nodes via the efferent lymphatics after 
a local antigenic stimulus are antibody synthe- 
sizing cells, there re mams some controversy as 
to their origin A concept now in vogue states 
that they originate in bone marrow, and come 
to reside in the outer cortex of lymph nodes 
There is an antigen-reactive cell believed to be 
thymic in origin (Mitchell and Miller, 1968) 

CELLULAR IMMUNITY (DELAYED TYPE 
HYPERSENSITIVITY, ALLOGRAFT 
R'EJECTION AND IMMUNE 
SURVEILLANCE) 

Immune responses can be transferred be- 
tween genetically identical animals by the 
transfer of splenic, lymph node, blood, or tho- 

^Freirnd’s adjuvant is a mixture of mineral oil and 
an emnlsifymg agent, it is used as a vehicle for sus- 
pension of antigens to be injected subcutaneously 


racic duct lymphocytes from the sensitized 
animal to the nonsensitized animal The pi 
oneermg discovery of this phenomenon arose 
from the classic studies of Landstemer and 
Chase’s transfer (1942) of delayed cellular hy 
persensitivity by transfer of cells from the 
guinea pig This simple observation clearly 
separated cellular from serum antibody re 
sponses and provided an immunological test 
for analysis of the mechanisms of cellular 
immunity Living cells were required for the 
transfer, and the transfer was short lived be- 
tween unrelated animals because the living 
cells were rejected In human beings it was 
possible to transfer delayed cutaneous hyper 
sensitivity by a dialyzable extract of sensitized 
lymphocytes called the transfer factor (Law- 
rence, 1955) The transfer factor is specific for 
the antigen that origmally sensitized the cells 
The factor is dialyzable, has a molecular 
weight of less than 10,000, and is nonantigenic 
It appears to be a polypeptide-polynucleotide, 
heat labile at 56° C It converts normal lym- 
phocytes in vitro and in vivo to a specific an 
tigen-responsive state These cells when con- 
fronted with antigen transform and proliferate 
(Lawrence and Valentine, 1970) In addition to 
delayed cutaneous hypersensitivity transfer 
factor can transfer allograft sensitivity 

When transfer factor is added to lympho- 
cytes in the presence of antigen another mate- 
rial IS liberated called lymphocyte trans- 
forming factor (LTF) that is not dialyzable and 
distinct from histocompatibility antigens It 
functions as a “recruiting agent” for nonsensi- 
tive lymphocytes Ordinarily, only a very small 
fraction of lymphocytes become sensitized to a 
specific antigen When this antigen is reintro- 
duced, there is a transformation and prolifera- 
tion of the sensitive cells with an increase m 
the number of cells It is conceivable that the 
transfer factor and lymphocyte transforming 
factor are released in vivo and recruit addi- 
tional nonsensitive cells that can then be en- 
gaged by the antigen and so further amplify or 
escalate the intensity of the immunological 
response 

MIGRATION INHIBITORY FACTOR (MIF) 

This factor inhibits the migration of macro- 
phages It was discovered by Bloom and Ben- 
nett (1966) and David (1966) The material is 
released from sensitized lymphocytes by the 
specific antigen that produced the hypersensi- 
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Fig 4 37 Schematic presentation of the flow of lymphocytes from blood to t’ssues to lymph nodes with estimates 
of time fluxes and sizes where data are available from experiments on calves N number 'kg 'body T average time in 
compartment X fractional turnover/hr K flux (number/hr ’'kg ) C concentration numbers/ mm'* 


tivity reaction Thus, it serves to retain macro- 
phages at area of immunological action where 
they can attack and destroy the offensive 
material The detailed properties of MIF are 
reviewed by Bloom and Jimenez (1970) 

LYMPHOTOXIN 

This material is released from the lympho- 
cytes following an interaction with the target 
cell on antigen, or after treatment of lympho- 
cytes with agents inducing transformation 
such as phytohemaglutmm (PHA) It is difficult 
to study this reaction in vivo It can be envi- 
sioned, however, that whenever a lymphocyte 
carrying antibody is trapped by the specific 
antigen this lymphocyte may die and/or release 
its load of lymphotoxm, and thus, intensify 
local necrosis This substance may be a major 
effector m delayed sensitivity and allograft 
rejection (Granger, 1970) 

The lnitTiuiiological Response, its 
Initiation, Perpetuation, and 
Suppression 

The probable sequence of events m immune 
responses is shown in Figure 4 38 m a diagram 


that begins at the allograft Antigen seems to 
be transported from the allograft to the re- 
gional lymph node either bv cells, possibK 
macrophages, or in solution through the af- 
ferent lymphatics Within the lymph node the 
antigen reactive and antibody s\nthesizmg 
cells interact in a manner not w^ell understood 
Cells are triggered into cell cvcle from a Go 
stage, undergo hypertrophy as described ear- 
lier, and ultimately enter the proliferative 
cycle and divide In the process of repetitive 
divisions their protein synthesizing machinery 
continues to develop and they take on charac- 
teristic appearance of intensely basophilic cells 
with varying degrees oi endoplasmic retic- 
ulum After 3 to 5 days of proliferation, cells 
commence to make their exit through the ef- 
ferent lymphatic and proceed into the blood 
where they become metastasized through the 
lymphoreticular tissues, where the\ set up sec- 
ondary foci if engaged again by new antigen 
These cells entering the blood have a large 
complement of cell bound antibody, and some 
cytotoxic antibodv appears m the semm It 
can be supposed that as lymphocytes proceed 
through the allograft that antigen is recog- 
nized, and cells are directed out of the blood 
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INHIBITION OF IMMUNE RESPONSE 


Fig 4 38 Schematic presentation of the role of lympho- 
poietic proliferation and migration in allograft rejection 
indicating the sites of attack by radiation and chemical to 
attain immunosuppression 


stream into the allograft Following the entry 
of even a very few specifically immune lym- 
phocytes, a senes of events is initiated First, 
the cells release transfer factor and lympho- 
cyte transforming factor, which as discussed 
earlier are believed to be capable of recruiting 
nonsensitized lymphocytes Upon contact with 
a specific antigen the cells also release lym- 
photoxin and migration inhibitory factor The 
lymphotoxin will set up an inflammatory reac- 
tion through death of the cells, which will fur- 
ther attract by chemotactic influences granulo- 
cytes and macrophages into the allograft The 
macophages will be immobilized by the migra- 
tion inhibitory factor The two phagocytic cell 
types probably commence cleaning up the ne- 
crosis by phagocytosis of debris, and also esca- 
late the inflammatory response by release of 
their lysosomal enzymes when they in turn are 
destroyed This outline of what might be hap- 
pening IS different from classical accounts of 
the reactions, in that here the cell bound anti- 
body IS relegated to a position of recognition 
and not primary destruction A similar se- 
quence of events can be visualized as occurring 
during cutaneous delayed hypersensitivity if 
One considers the sensitized cells to be anti- 
gwically abnormal^ and thus, requiring identi- 
and (destruction. 


The concept of immunological surveillance 
of antigenically altered somatic cells has been 
extended to cancer It is believed, although not 
conclusively proved, that somatic mutations 
taking place at random result in an antigeni 
cally different cell that can be identified Con 
sequently, the entire sequence of events de 
scribed above is set into motion to remove this 
neoplastic cell When the individual either 
becomes tolerant or when immunological 
reactivity is suppressed for one reason or 
another, the tumors grow Whether this hy 
pothesis IS valid is not yet known, but it seems 
plausible and may lead the way to more effec 
tive cancer therapy 

The notion that nonsensitive lymphocytes 
are recruited into a specific immunological 
reaction is enhanced by the studies of Fed 
ersen and Morris (1970) who have shown that 
the entire immunological sequence of kidnev 
rejection can take place inside of the graft 
without the help of the regional lymph node 
They did this by cannulating the lymphatics 
from a kidney and collecting all of the trans- 
formed cells in the lymph 

By referring to Figure 4 38, one can also 
identify the means by which one can launch an 
attack against the immune response Starting 
at the lymph node one sees that chemical 
agents directed at any subdivision of the mi- 
totic cycle may act by destroying cells in that 
phase For example, as cells emerge from a 
lymph node via the efferent lymph they can be 
irradiated to kill the cells, when anatomical 
relations are such as to make this possible 
(Chanana et al , 1969) Similanly, the blood 
can be irradiated to kill that portion of the 
cells that go through an extracorporeal irradia- 
tion shunt One can also irradiate the graft, 
killing the lymphocytes and other cells that 
have been recruited into the graft Neverthe- 
less, the relatively poor success of these types 
of immunosuppression stems from the fact 
that in suppressing transformation and prolif- 
eration of the immunologically committed 
cells one also produces injury that may be le- 
thal to the bone marrow and epithelial struc- 
tures 

HISTOCOMPATIBILITY ANTIGENS 

These antigens (HL-A) are responsible for 
stimulating an immune response against a 
transplanted organ or tissue Because the his- 
tocompatibility alloantigens reside on cell 
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bem^ made m deternmatnm n^ ' n 

Lompe^ition secondaiv ana te^t ap 
Details oi structure experimental api^rn. ^nc=- 
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CELL MEDIATED IMMUMITY 

This IS a form ot nonhumoral in iriin P n 
\oKin^ macrophages When the iriacroimairt 
comes into contact with the ^pecitm ant.uen 
such as tubercle baCillus t become^' aciiva^en 
The actuated macrophage is larger and m tre 
complex morphologicalu and \\hep trans* 
terred to glass, it spreads It also \er\ ac- 
tive phagocvtosis and an increased content o'' 
acid h\droiases, and acticeh proliterates It> 
precursor is the blood monoccte Although thi> 
t\pe ot cellular immunitc persists tor the dura- 
tion ot an infection, it is relatneK short ineci 
atter the infection is o\er The immunitc is 
both specific and nonspeciiic m that when 
induced b\ one organism the macrophages 
throughout the bod\ deceiop increased actnitc 
towards other unrelated organisms As animals 
reco\er from infection their nonspecitic resist- 
ance does disappear, but the\ remain resistant 
to the original mtection and express the immu- 
nity m part, for example, b\ the tuberculin 
skin test, a delated h\persensiti\it\ Li\mg 
l\mphoc>Tes from con\aiescent donors are able 
to transfer this t>pe ot cell mediated immu- 
nity It is exceptionalK important in combat- 
ting tuberculosis, brucellosis listeriosis, and 
other infections Cell mediated immuniU was 
reviewed by Mackaness (1970) 

IMMUNOGLOBULINS 

A common characteristic ot all t\pes ot 
immunoglobulin is that thev ma\ carrv anti- 
body activity and that all have the same gen- 
eral 4-peptide chain structure Two central 
''heavy’' chains are connected by a disultide 
bond, and a "light” chain is connected to each 
of the heavy chains bv a disulfide bond The 
light and the heavy refer to molecular weights 
The immunoglobulins have a bewildering 
number of synonyms, and are now classified 
into IgG (7 globulin), IgM (macroglobulin), and 
IgA In human serum the relative amounts are 
71%, 7%, and 22^<, respectively Antigenically 
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mob’idN and antigenic specitic t\ The heaw 
chains tu tne three are distinct and dit- 

teren: n all lour ot the preceding propertie*- 
For details d structure in reiation to tuncta>n 
see reviews bv Deuisch and Fudenbe^g ) 19B9) 
Franklin ana Frangione tl9h9f and Cebra 
(1969) 

A newborn mlant is relativeh speaking 
immunologicaih undeveloped, susceptible to 
hdctenal mtections that are not pathogenic in 
older children or adults S(^me oi the anti- 
bodies in the plasma oi the newborn infant are 
acquired bv transfer from the maternal circula- 
tion Thus the mtant at birth is relativelv well 
endow^ed with IgG from its mother Verv little 
IgM or IgA IS transferred from the mother IgA 
IS cioseiv related to defense against intestinal 
organisms, and the deticiencv ot this traction 
explains m part whv the newborn infant is 
susceptible to Gram negative mtections In- 
fants degrade the maternallv transferred IgG 
relativelv rapidlv so that practicallv none ex- 
ists by 10 weeks ot age In about the 4th to 5th 
w’eek ot age, infants commence svnthesizmg 
their own IgG and other immunoglobulins, and 
bv 12 months ot age have plasma concentra- 
tion neariv equal to that oi the adult 

Multiple mveloma is an abberation m which 
there is increased synthesis oi abnormal im- 
munoglobulins Anv of the immunoglobulin 
types may be invoked The Bence Jones pro- 
tein found m the urine oi multiple mveloma 
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patients has been shown to be the light chain. 
The bone marrow characteristically shows an 
infiltration with myeloma cells that resemble 
plasma cells of varying degrees of immaturity. 
There is a high concentration of 7 globulin in 
the blood: the disease is fatal. 

DISEASES DUE TO IMMUNOLOGICAL 
DEFICIENCIES 

Deficiencies in antibody production are pri- 
mary or acquired. The physiological hypogam- 
maglobulinemia of the infant has already been 
discussed. Bruton’s disease is a sex-linked 
familial hypogammaglobulinemia in which 
immunoglobulin levels of 50 mg. or less per 
100 ml. of blood are common. The individuals 
are very susceptible to infection. Secondary 
hypogammaglobulinemia may develop in the 
course of chronic lymphocytic leukemia and 
other diseases. There is a general decrease in 
plasma cells in the bone marrow, lymph node, 
and other tissues. Lymph nodes from primary 
hypogammaglobulinemia show ill-defined 
germinal centers and a thin cortex; there is 


slight development of Peyer’s patches in the 
gut; yet, the thymus appears to be relatively 
normal. 

There is a group of diseases in which there is 
an impaired cellular immunity called thymic 
alymphoplasia. There is little if any immuno- 
globulin deficiency. There is a lymphopenia. 
The thymus is very poorly developed, weighing 
as little as 1 g. Thymus, spleen, lymph nodes, 
tonsils, and gastrointestinal tract have a mark- 
edly reduced content of lymphocytes. There is 
a marked susceptibility to infections, particu- 
larly of mycotic and virus origins. 

In another disorder in which there is a com- 
bined deficiency of antibody production and 
cellular immunity, antibodies are practically 
absent, there is a marked lymphopenia, and 
the patients are so very susceptible to infec- 
tion that they die shortly after birth. There are 
two additional types of thymic alymphoplasia 
based on inheritance. Both have impaired de- 
layed hypersensitivity reactions, hypogamma- 
globulinemia, very poor antibody response, few 
plasma cells, and an atrophic lymphatic tissue. 



REGULATION OF THE HYDROGEN 
ION CONCENTRATION OF BODY FLUIDS 


B3*a'”C3 

The normal concentration of ions m the 
extracellular bod> fluids ranging as it does 
from 44 to 36 nM/liter, and represented by a 
pH variation from 7 36 to 7 44 « Table 4 lb), is 
the result of a continuously maintained dy- 
namic equilibrium between the intake and 
production, and the suppression and excretion 
of hydrogen ions 

SOURCES OF HYDROGEN ION 

Although a small amount of hydrogen ions 
may be taken m with the food or as medica- 
tion, most of them arise from the numerous 
metabolic activities which are going on unceas- 
ingly m the living individual The major 
sources of new hydrogen ions include 

1) Oxidation of Carbon Compounds to Produce 
Carbon Dioxide. Carbon dioxide is the ultimate end 
product of the oxidation of carbon compounds In an 
average adult at rest, about 200 ml (almost 10 mM) 
of this gas IS produced in the tissues, transported by 
the blood, and eliminated by the lungs per minute, 
or about 10,000 to 14,000 mM/day The rate ot its 
formation depends upon the rate of metabolism and 
during severe exercise it may be increased to 10 or 
more times this amount Carbon dioxide is soluble m 
water and the actual concentration of COg m the 
tissue fluids at any one time is determined by the 
partial pressure of the gas in these fluids Hus m 
turn IS regulated by the respiratory system, which 
normally keeps the PcOa m the pulmonary alveoli 
and m the arterial blood at about 36 to 44 mm Hg 
At this partial pressure the concentration of CO 2 m 
the plasma is 1 1 to 1 3 mM Alter and this is always 
m equilibrium with a small amount of hydrated 
carbon dioxide or carbonic acid 

CO2 + H2O ^ H2CO3 ^ + HCOr 

Any condition which prevents the lungs from ex- 
creting carbon dioxide as rapidly as it is formed, or 
causes them to excrete more than is being produced, 
will of course result in a change in the CO 2 and car- 
bonic acid concentrations of the body fluids and this, 
if not counterbalanced, may cause significant 
changes m blood pH 

2) Conversion of Neutral Food Staffs to 
Organic Acids A great variety of moderately strong 


f>rc^anK acid» axe produced during the norma! inter- 
media’*^ n etaboiism ut neutral carbohydrates lats 
ard proteins ard equiv alert amounts ot 10ns are 
tempofaiilv released into tne hod\ fluids Most oi 
these intermediary aticl^ are oxidized to CO^ ana 
H^O or otherwise metabolized and m this way are 
eliminated almost as rapidly as they are forired As 
long as thiS occurs them hydrogen 10ns disappear 
again, and no effect is produced on the overall hydro- 
gen ion balance At times, however, because ot exces- 
siv e metabolic activity, or because ot the presence of 
certain diseases or for some other reason, these inter- 
mediary’ organic acids, especially lactic and pyruvic 
acids mav be produced m greater quantities than 
can be metabolized or excreted Wlien this occurs 
there will be a greater or less accumulation of 
ions and a fall in the pH oi the body fluids 

3) Oxidation of the Sulfur m Organic 
Compounds The oxidation ot the sulfur containing 
ammo acids methionine and cvsteme yields equiva- 
lent amounts of hydrogen ion and sulfate ion This 
can be illustrated by the equation (greatly simpli- 
fied) 


-r loOa = 4H" ^ 2SO, -r (NH,),CO 

methionme urea 

7H2O - 9CO2 

That are produced in this way is shown by the 
finding that the administration of a methionine load 
to an individual is followed by an increase in the 
renal excretion of H^, which parallels very closely 
the excretion of sulfate ions (Reiman, 1964) 

4) Formation of Inorganic Phosphate. The hy- 
drolysis of phosphoesters and the breakdown ot 
phosphoproteins, nucleoproteins, and phosphatides 
m foods, result m the formation of inorganic phos- 
phates and the liberation of corresponding amounts 
of H"*" (Reiman, 1964) For the oithomonoester, this 
can be illustrated by the following equation 

0 

I 

Rr-Q-P— OH -f H2O 


OH 


= R OH 


osHPOr 

02H2PO4" 


+ 18H- 


(Ratio of the phosphates at pH 7 4 is 4 1 ) 
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Table 416 

Range of reaction of some body fluids 


Fluid 

pH 

Hydrogen Ion 
Cone Nano- 
mols per 1 

Pure water 

70 

100 

Blood 

Normal mean 

7 40 

40 

Normal range 

7 36-7 44 

44-46 

Very severe acidosis 

68 

160 

Very severe alkalosis 

78 

16 

C S F normal range 

7 36-7 44 

44-36 

Pure gastric juice. 

10 

100,000,000 

normal 

Urine 

Normal average. 

60 

1000 

about 

Maximum acidity 

45 

31600 

Maximum alkalinity 

80 

10 

Intracellular fluid 

68 

160 

(muscle) (DMO)“ 


® Determined indirectly by the distribution of 5 , 5- 
Dimethyl-2,4 oxazolidmedione 
Waddell and Butler, 1959 


In normal persons, on the usual protein intake, the 
last three of the above processes produce only about 
50 to 90 mM of per day, but as the acids from 
which these are derived are nonvolatile or “fixed” 
they cannot be excreted by the lungs and their elimi- 
nation must, therefore, be brought about by the ac- 
tion of the kidneys The production of particu- 
larly by the last two mechanisms, will be increased 
by any acceleration of protein breakdown and espe- 
cially by the elevated rate of endogenous protein 
destruction which follows a severe tissue injury or 
other cause of increased catabolism When these in- 
juries are accompanied by severe renal failure, the 
increased production of these strong acids, coupled 
with the impaired renal ability to excrete them may 
lead rapidly to a serious accumulation of H'*' ions, 
and to a sharp and dangerous fall in the pH of the 
body fluids 

5) Medication Medication with ammonium salts 
or wiih mineral or organic acids, such as mandelic 
acid, may occasionally add significantly to the load 
of ions that must be handled by the body Inges- 
tion of ammonium salts is equivalent, as far as 
supplying ion is concerned, to the ingestion of 
the corresponding amount of the free acid, since 
each ammonium ion taken m is converted in the 
liver to urea with the liberation of a proton 

2NH4CI -h CO2 - 2H+ + 2C1“ -h H2O -f (NHal^CO 

EXCRETION AND FIXATION OF IONS 

addition of new to the body, 
whether from intake ot metabolism, is bal- 


Section 4 

anced by the action of chemical or physiolog- 
ical mechanisms which normally remove them 
as rapidly as they are formed so that the [H+] 
of the body fluids remains reasonably con- 
stant These mechanisms include 

1) Dilution Hydrogen ions formed in excess at any 
one site — as for example in an exercising muscle- 
are rapidly distributed by the circulation throughout 
the whole of the extracellular fluid Although not a 
regulatory mechanism in the usual sense, the dilu 
tion brought about in this way will help to minimize 
the local increase of H+ concentration which would 
otherwise occur 

2) Buffer Systems A variety of buffer systems is 
present m the extracellular and cellular fluids of the 
blood and tissues These function as the first line of 
defense in preventing alterations in [H+] from being 
produced by the addition of acids or bases, and to 
help keep the H+ concentration of these fluids 
within the normal range (Fig 4 39) These buffer sys- 
tems are 

A) In the Blood Plasma i) The bicarbonate/ 

carbonic acid buffer system Quantitatively the most 
important buffer in the plasma is the one made up of 
sodium bicarbonate and carbonic acid The normal 
ratio of the two components of this buffer system m 
the plasma is 

[HCOa-] 

0 0301 X PCO2 (43 mm Hg) 

[HCO3"] 26 mM/liter 20 

[H2CO3] 13 mM/liter 1 

As the pK' of the bicarbonate-carbon dioxide 
system is 6 1, it can be calculated from the Hen- 
derson-Hasselbalch equation that as long as this 



Fig 4 39 Calculated titration curves for several buffer 
systems showing the relation between [Basel/[Acid] ratios 
and pH For a discussion of pH titration curves and buffer 
mechanisms see Clark (1952) 


Proportion of Base 
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ratio of bicarbonate c»rd ^.d^bonic dc^d as pia’^^tdined 
the pH \\»II be 7 4 

pH pK' log [HCO, j. ,r() J 

-- 6 10 - lug l£«) - 6 * 1 7 4u 

The \er> great importance oi thib batfer b\steirr n 
the control of the extracellular pH and its as^aid- 
tion v.ith the respirator\ regulation of carbon diox'de 
excretion will be discussed beiow 

ii) The phosphate butter ssbtem This cor^ots oi 
the mixture of the alkaline and atid Dh(#sptiatt^ 
sodium 

Na.HPOJNaH^PO^ 

In this bufier pair the acid phosphate ma\ be re- 
garded as a weak acid ipK^g' tor phosphorc acid is 
6 8) and the alkaline phosphate as the fulH ionized 
salt of the buffer pair The normal ratio of base to 
acid in this case at the pH of normal blood is 4T 

pH = pK^a' + log { [base]/ [acid]) 

= 68 ^ log (4/1) - 68-0 60 - 74 

III) Plasma proteins Plasma proteins act as 
buffers and, at the pH of the blood, the\ b€ha\e as a 
mixture of poorij- dissociated weak acids and their 
almost completely ionized sodium salts 

Na"^ proteinate'/H protemate 

B) In the Red Blood Cells Important buffer sys- 
tems, distinct and separate from those of the 
plasma, are also present and acti\e within the red 
blood cells and these are 

i) Intracellular organic phosphate complexes such 
as adenosine diphosphate, creatine phosphate, etc 

Potassium oxyhemoglobmate K*" HbOj' 

ii) or 

H oxyhemoglobin HHbOa 

, Potassium hemoglobinate K'*' Hb~ 

III) or 

H hemoglobin HHb 

Within the red blood cells the oxygen-carrymg 
protein, hemoglobin, acts as a buffer to H”^ ions 
much m the same way as do the plasma proteins, 
but m this case the buffering is done mainly by the 
imidazole groups of the histidine m the Hb mob 
ecule (Fig 4 40) There is about four times more red 
cell hemoglobin than plasma proteins present in a 
given volume of whole blood ( 150 g to 40 g /liter) , 
the protem buffering capacity of whole blood, there- 
fore, IS about six times that of a similar volume of 
plasma Both the oxygenated and the reduced Hb 
systems are depicted above, because oxidation of Hb 
to Hb 02 causes it to become a stronger acid, that is, 
to donate more ions, whereas, the deoxygenation 
of HbOa to Hb causes it to become less acid and to 
become more effective as an acceptor of H'^ ions 
The formation of the more acid oxyhemoglobin m 
the alveoli by the oxidation of reduced hemoglobin 
will, therefore, compensate m part for the loss of H'^ 
ions and for the decrease in H^ concentration at this 
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Fig 4 40 Scherrat c representation the buffering 
acids and bases by plasma proteins ana by the imidazole 
groups of hemogloblin histidine ^Adapted from Daven- 
port "iSBS? 

site resuming from tne excretion of COj In the same 
wax the deoxxgenation of arterial HbOj to Hb in the 
pe»-ipheral circulation where oxxgen is gixen up, 
enables the hemoglobin molecule to accept ana to fix 
more ot the extra hydrogen ions added to the blood 
bx the addition ot carbon dioxide trom the tissue 
cells 

C) In the Extracellular Fluids and Tissue Cells 
Only a portion ot the total buffer capacity ot the 
body resides in the buffers ot the blood plasma and 
red blood cells The interstitial fluids haxe a bicar- 
bonate and phosphate butter concentration similar 
to that of the circulating plasma, and these play 
their part in all butter reactions In addition to these 
buffer systems, howexer it has been shown by Pitts 
and his co-workers (1963) and by others, that some- 
w’hat more than oi the hy drogen ions infused as 
strong acid mtraxenouslx into nephrectomized ani- 
mals, are transferred into tissue cells in exchange for 
sodium and potassium ions These exchange reac- 
tions occur across all tissue cell membranes and 
make available in this way the large quantities of 
cellular protein and organic phosphate complexes for 
the buffering of extracellular hydrogen ions The 
superficial surfaces of the bones may also play a role 
in these reactions Similar ionic exchanges m the 
reverse direction allow the cellular constituents to 
take part in the buffering of extracellular base when- 
ever this becomes necessary 

S) The Handling, Transport, and Excretion of 
Carbon Dioxide This subject is fully covered in 
Section 6, Chapter 1 “Uptake and Delivery of Res- 
piratory Gases” so that there is no need here to 
do more than to review it quickiv m relation to 
regulation 

The large amounts of potentially acid -producing 
carbon dioxide, contmuously being released from all 
the body tissues by cellular metabolism, are handled 
without seriously disturbing the of the body 

fluids in a manner which may be briefly described as 
follows 

The ultimate regulation of the pH level of the ar- 
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tenal blood is carried out by the respiratory system, 
which, by controlling the minute volume of respired 
air, IS able to vary the amount of CO 2 excreted to 
the outside air in such a way that the [HCOa^J/Hz- 
CO3] ratio in the plasma is kept relatively close to 
the normal value of 10/1 no matter how much or how 
little carbon dioxide is being produced At this ratio, 
the pH will be 7 40 If the quantity of CO 2 being 
removed from the blood by respiration is not suffi- 
cient to keep up with that being added by metabo- 
lism, the PCO2 and the carbonic acid content of the 
arterial plasma leaving the lungs and passing 
through the respiratory center will be slightly higher 
than normal The [HC03"]/[C02] ratio and the pH 
of this blood will be slightly depressed and the [H"^] 
will be slightly elevated As a consequence the respi- 
ratory center, being very sensitive to changes in the 
pH and PcOa of the blood passing through it, will 
normally be stimulated to increase the degree of 
pulmonary ventilation More CO 2 will be exhaled 
and removed from the venous blood and this will 
continue until the [HC03"]/[C02] ratio and the pH 
of the blood leaving the lungs are restored to normal 
again On the other hand if too much CO 2 is being 
lost by respiration this ratio will be increased, and 
the pH of the arterial blood will be slightly elevated 
This change in the pH of the blood passing through 
the respiratory center will cause the pulmonary ven- 
tilation to be decreased Less CO 2 will be excreted 
and more will be retained in the arterial blood until 
the ratio and pH return once more to the normal 
values 

It is not to be inferred from the above that the 
plasma bicarbonate buffer system and its regulation 
by the respiratory apparatus are alone responsible 
for the buffering of all the changes in [H"^] which 
may be produced by the addition or loss of acids or 
bases to the body fluids All the buffer systems of 
the body are in equilibrium with one another and the 
effect of the respiratory control on the bicarbonate 
system is transmitted to all the others 

4) Metabolic Events Such as the Oxidation or 
Utilization of Certain Organic Acids. Most of the 
organic acids, except uric acid, produced during the 
breakdown of normal food stuffs, appear only mo- 
mentarily as mtermediary products of metabolism 
and, as they usually disappear as quickly as they are 
formed, they normally have little effect on the hy- 
drogen ion regulation Occasionally, however, as for 
example during severe exercise, lactic acid may be 
produced in amounts larger than can quickly be 
metabolized and, in spite of a large increase in respi- 
ration and the “blowing off’ of large amounts of CO 2, 
the pH of the blood may be lowered appreciably 
below the normal range The subsequent disappear- 
ance of the lactic acid, resulting from its oxidation 
or conversion to glycogen, removes the extra protons 
^ociated with its accumulation, replenishes the 
depleted store of HCOa” 10ns and restores the pH 


back to normal Similarly the low levels of blood pH 
and of plasma bicarbonate which are present in se 
vere diabetic acidosis are at least partially restored 
to normal when the excess acetoacetic acid present 
in the blood is destroyed following adequate treat 
ment with insulin and glucose 

5) Benal Mechanisms m the Regulation of 
Hydrogen Ion Concentration A very important 
part m the control of the [H"^] of the body fluids and 
in the regulation of the overall H+ ion balance is also 
played by the kidneys This particular activity of the 
kidneys, along with the many other aspects of renal 
function, IS fully discussed in Section 5, Chapter 1 
and little therefore needs to be said about it here In 
brief the kidneys are able, mainly through the activi 
ties of the cells lining the tubular lumina, to excrete 
widely varying quantities of H’^, both as titratable 
acid and as ammonium 10ns (NH4'^), into the urine 
or to eliminate excessive quantities of base whenever 
either of these actions is necessary for the purpose of 
maintaining a normal level and balance of hydrogen 
10ns The production and excretion of ammonium 
10ns is dependent upon the enzyme, glutammase I, 
contained in large amounts in the kidney Terminal 
renal failure is characterized by an inability of the 
kidney to continue to excrete excess hydrogen ions 
as ammonium ions and is typically evidenced by 
acidosis (An excellent review of the role of ammo 
mum 10ns in acid-base balance has been published 
by Pitts, 1971 ) The tubular cells also help to main- 
tain the concentration of bicarbonate 10ns in the 
blood and other extracellular fluids at the normal 
level of 24 to 28 mM/liter by varying the extent to 
which bicarbonate ion in the glomerular filtrate is 
reabsorbed back into the blood again or is passed on 
to the bladder urine to be excreted to the outside 
Also, when the normal store of bicarbonate ion in the 
body is depleted, as it may be by the addition of 
more nonvolatile acid than can normally be handled, 
the kidney tubules, m association with their excre- 
tion of H'*' 10ns, form large quantities of new bicar- 
bonate ions, which, when added to the blood, help at 
least partially to restore the concentration of this ion 
towards its normal level The decrease in plasma 
HCOg" concentration resulting from diabetic aci 
dosis, for example, would be much more severe and 
would occur much more rapidly than it does, if it 
were not for the ability of the renal tubules not only 
to excrete appreciable quantities of hydrogen 10ns 
but also, at the same time, to make new bicarbonate 
10ns to take the place of those which have been used 
up in the neutralization of the excess acid 

Disturbances in the Regulation of 
H"*" Ion Concentrations in the Blood 

ACIDOSIS AND ALKALOSIS DEFINITIONS 

In the healthy person the concentration 
of the blood and extracellular fluids is mam- 
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tamed, and the pH rareK \a^e^ more than 04 
pH units on either side of the a\era^e pH 7 40 
In a large number of pathological conditions 
the clinical and metabolic disturbances asso- 
ciated with, or caused by, the llIne^s, subject 
the mechanisms responsible for the control of 
the pH of the body fluids to a considerable 
strain In all such cases the ability oi the bod%' 
to resist changes in the pH of its fluids ma\ at 
times be ocercome and if this occurs the [H" | 
of the body fluids will, depending upon the na- 
ture of the underlying primary cause, be either 
increased or decreased to !e\els which are more 
or less beyond the normal range 

1) Acidosis^ The blood and extracellular 
fluids may become more acid than normal 
Here the pH is depressed to a greater or less 
degree below pH 7 36 and the hydrogen ion 
concentration will be corresponding!} higher 
than 44 nM/hter In the most severe cases the 
pH may fail as low as pH 6 9 or ev en pH 6 8 

2) Alkalosis^ The blood and extracellular 
fluids may on the other hand become more al- 
kaline (or less acid) than normal Here the pH 
IS elevated, again to a greater or less degree, 
above pH 7 44 and the hydrogen ion concentra- 
tion is less than 36 nMAiter In the most severe 
cases the pH of the blood may be as high as 
pH 7 8 

It is evident that the determining factor for 
the pH of the blood is the ratio of [HCOa'*] to 
[CO 2 ] When this ratio is decreased the pH of 
the blood is lowered and a state of acidosis is 
present, when it is increased the pH is ele- 


^ Some will disagree with using the terms “acido- 
sis” and “alkalosis” in the sense in which they are 
employed m this chapter and would prefer, perhaps, 
to use the terms “acidemia” and “aikalemia” (or 
“basosis”) m their place “Acidosis” and “alkalosis” 
have long been used by clinicians and they are con- 
sistent with the initial direction of the change taken 
by the concentration in response to the primary 
clinical disturbance It does not seem valid to define 
these terms, as some have done, solely on the basis 
of the concentration of plasma “bicarbonate,” “total 
COz,” or “total buffer base,” because the determina- 
tion of any one of these by itself gives no indication 
at all of the [HCO3” ]/[H2C03] ratio and it is this ratio 
rather than the absolute amounts of either (or of the 
sum of both) that determines whether the plasma is 
more acid or more alkaline than normal For further 
discussions of these and other words used in the 
terminology of acid base disturbances, see Creese 
et al (1962) and also the proceedings of the “Con- 
ference on Current Concepts of Acid Base Measure- 
ments,” New York Academy of Sciences, November, 
1964 (Aim N Y Acad Sen, 133 1966) 
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^ated and ar aikalosis has developed The 
ratio may be decreased fir increased bv 
changes either in the concentration of the car- 
acid I the denominator! or oi the bicar- 
bonate ion Hlie numerator) component of this 
Duller iractum pH changes m the blood 
caused pnmarJv b\ alterations m carbonic 
acid levels are as a general rule, brought about 
bv alterations in re^pI^ato^v iunction and can, 
therelure, be reterred to being ‘ gaseous’ or 
Tespiratorv ’ On the othe^f hand pH changes 
which are pnmanh due to alterations m the 
bicarbonate ion concentrations are usualK as- 
sociated With metabolic disturbances and 
theretore can be called either “metabolic” or 
' nonrespiratorv 

With these obser\ations m mind the possible 
pnmarv abnormalities m hvdrogen ion regula- 
tion may be listed as in Table 4 17 

Although the various activities briefly de- 
scribed above are reasonably successful m pre- 
venting large and dangerous changes m H"" 
concentrations the compensation is rarely 
complete In most cases oi acidosis, other than 
in those of mild degree, the pH of the blood 
wall be displaced to a greater or less degree 
below the iow^er range of normal Similarly, in 
most cases of alkalosis the pH will be elevated 
to levels which are more or less above the 
upper limit of the normal range (Table 4 18f 

TYPICAL ABNORMAL STATES 

The four major types of acid base disturb- 
ances may be briefly described as follows 

Respiratory Acidosis Primary Carbon Di- 
oxide Excess, Carbon Dioxide Retention, 
Hypercapnia In emphysema, pulmonary fibro- 
sis, acute pulmonary edema, pneumothorax 
and m other pulmonary diseases, in conditions 
such as abdominal distention, gross obesity, 
bulbar poliomyelitis, opiate poisoning and m 
situations in which the air being breathed al- 
ready has an elevated CO 2 content, the ability 
of the lungs to excrete even normal amounts of 
carbon dioxide may be grossly impaired As a 
result the PCO 2 of the body fluids may become 
markedly elevated The [HC 03 ''|/[C 02 ] ratio 
and the pH of these fluids will consequently be 
depressed below the normal values because of 
increase in the denominator of the buffer pair 
and a state of respiratory acidosis will be pro- 
duced The extent to which these changes do 
occur will be minimized by the following reac- 
tions 
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Table 4 1 7 

Illustrative examples of possible primary abnormalities in hydrogen ion regulation (if uncorrected or uncompensated) 


[HCO3-] ^ 

Plasma Ration 

[H3CO3] ® 


Clinical Condition 

Biochemical Abnormality 

mM/liter 

Numer- 

ical 

pH 

Normal 

None 

26 mM/1 3 mM 

20/1 

74 

Acidosis 

I “Gaseous” or “respiratory” 
acidosis 

Primary CO. excess 
[HCO 3 -] 

[CO.] increased 

26 mM/2 6 mM 

10/1 

71 

n “Metabolic” or “nonrespi- 
ratory” acidosis 

Primary bicarbonate defi- 
ciency 

[HCOa"] decreased 

13 mM/1 3 mM 

10/1 

71 


[CO.] 




Alkalosis 

I “Gaseous” or “respiratory” 
alkalosis 

Primary CO. deficiency 
[HCO 3 -] 

[CO.] decreased 

26 mM/0 65 mM 

40/1 

77 

n “Metabolic” or “nonrespi- 
ratory” alkalosis 

Primary bicarbonate excess 
[HCOg"] increased 

52 mM/1 3 mM 

40/1 

77 


[CO.] 


a) Whenever CO. tends to accumulate, the 
respiratory center, if not depressed, will stimu- 
late an increased degree of ventilation if this is 
possible, and the excess CO. will be excreted 
Often, however, as in conditions such as those 
mentioned above, the respiratory mechanisms 
are not able, for one reason or another, to re- 
spond to a sufficient degree to the stimulus 
and the Poo. remains elevated The respira- 
tory center soon loses its sensitivity to in- 
creased CO. tensions and a chronic state of 
carbon dioxide retention is established In se- 
vere cases the CO. accumulation may continue 
to elevate the CO. concentration in the body 
fluids and a CO. narcosis may eventually de- 
velop Mechanical aids to respiration may be 
necessary to control the accumulation and to 
prevent the onset of this dangerous complica- 
tion 

h) The buffering actions of the various body 
buffer systems, including those inside the 
tissue cells, help to limit the extent of the 
[H*^] mcrease associated with the accumula- 
tion of the excess carbonic acid and at the 
same time they cause the HCOa” concentra- 
tion in the plasma and other extracellular 
fluids to be increased to some degree. 


c) The kidneys increase the excretion of 
hydrogen 10ns and, by almost completely reab- 
sorbing the bicarbonate 10ns from the glomer 
ular filtrate and making new bicarbonate 10ns 
which are added to the circulation, the renal 
tubular cells increase the bicarbonate ion con 
tent of the body fluids so that the lowered 
[HC03~]/[C02] ratio and the depressed pH 
are raised towards more normal values 

In the acute cases of severe respiratory aci 
dosis there may be insufficient time for the 
renal mechanisms to compensate for the in 
creased CO. retention and the pH may, there- 
fore, be quickly reduced to dangerously low 
levels In the more chronic cases, the plasma 
bicarbonate concentration may be elevated to 
levels high enough to return the pH of the 
blood close to the normal range Although the 
pH in the blood of these patients may be al- 
most normal or at most, only slightly de- 
pressed, the total plasma CO. content and 
plasma bicarbonate will be much increased 
Overly enthusiastic ventilation by mechanical 
means could, by removing some of the excess 
CO., readily convert the disturbance in such a 
patient into one of respiratory alkalosis 

Metabolic Acidosis. Nonrespiratory aci' 



If uncompensated (unlikely) If fully compensated (unlikely) If partially compensated (usual) 
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doi’s, Pr.ma^j hicarbopate deficienc\ The 
add t ion €\ces^ amoaiits {^t nor-\oiatiie or 

rixed acidb the hod\ flu’ds wili produce a 
greater ur lets degree of metabolic acidosis 
Ihese acids ma\ na\e tneir origin Ironi medi- 
catK 5 n leg ammonium ^alts* trom o\erpro- 
duction lacetoacetic ac’d in upcontrolled dia- 
betes meliitua lactic acid in sec ere hvooxia, 
torm^c acid n methanol poisoning! or irom 
inadequate renal excretion oi acids produced 
m normal meiabohsm as :n patients with 
chronic nephritis or renal tubular acidosis The 
hydrogen ions ot these iixed acids are taken up 
b\ bicarbonate ions and other extracellular 
and miraceiluiar proton acceptors, but b\ this 
action the concentration of bicarbonate ion 
and other available bufter amons may be con- 
siderably reduced A similar reduction in the 
concentration of bicarbonate ion will be pro- 
duced by the actual loss from the body of this 
ion by diarrhea or drainage irom a biliary, 
pancreatic or intestinal fistula By any of these 
means the [HCOs™ ]/[C02] ratio is decreased 
because of a decrease in the numerator of the 
buffer pair and the pH of the body fluids is 
correspondingly lowered These changes are 
compensated m part by an increased pulmo- 
nary ventilation, which, by ‘ blowing off' CO2, 
decreases the carbonic acid concentration of 
the body fluids and thus, b\ lowering the de- 
nominator, helps to elevate the depressed 
[HC03~]/[C02] ratio and the pH of these 
fluids towards more normal values The kid- 
neys also play their part for not only do the 
renal tubular ceils increase their hydrogen ion 
excretion in the form of ammonium salts and 
titratable acid but they also aid m the restora- 
tion of the lowered plasma bicarbonate ion by 
almost completely reabsorbing this ion trom 
the glomerular filtrate, and by forming new 
bicarbonate ion which is added to the circu- 
lating blood 

Respiratory Alkalosis. Primary CO 2 defi- 
ciency Excessive hyperventilation, due, not to 
an elevated PCO2 or increased hydrogen ion 
concentration, but to voluntary effort, hysteria, 
anoxic anoxemia, central nervous system dis- 
ease, or to toxic stimulation of the respiratory 
center (as m salicylate poisoning), will cause 
an excessive excretion of carbon dioxide from 
the body, a decrease m the CO2 tension and 
carbonic acid content of the body fluids and, 
because of the decrease m the denominator, an 
elevation of the [HC03“']/[C02] ratio to levels 
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higher than the normal 20 to 1 The pH of the 
body fluids will be elevated and a respiratory 
alkalosis established In compensation, the 
decrease in [H+] of the body fluids will be 
partly buffered by protons derived from the 
buffer systems of the extracellular and cellular 
compartments The renal tubules conserve 
by ceasing to excrete ammonium ions and ti- 
tratable acid Reabsorption of bicarbonate ion 
from the glomerular filtrate is sharply dimin- 
ished and considerable amounts of bicarbonate 
ion are excreted in the urine The plasma 
[HC 03 "]/[C 02 ] ratio and pH are thus lowered 
towards normal by decreasing the numerator 
and at the expense of some of the extracellular 
bicarbonate In respiratory alkalosis the 
plasma bicarbonate concentration may be de- 
creased to below the normal range 

Metabolic Alkalosis. Primary bicarbonate 
excess, Nonrespiratory alkalosis This type of 
alkalosis can result from the ingestion of ex- 
cessive amounts of sodium bicarbonate (or of 
salts such as sodium citrate or sodium lactate 
which are transformed by metabolic oxidation 
into sodium bicarbonate) for therapeutic rea- 
sons, or it may be caused by the loss of ion 
from the body by the vomiting of hydrochloric 
acid containing gastric juice In each of these 
cases the plasma bicarbonate concentration, 
the [HC 03 ‘]/[C 02 ] ratio, and the plasma pH 
all become elevated and a metabolic alkalosis 
results The increased amount of cation is 
buffered by protons from extracellular and in- 
tracellular buffers The elevated pH depresses 
the respiratory center and a compensating re- 
tention of CO 2 by the lungs may occur to some 
degree But the simultaneous decrease in ox- 
ygen intake, caused by the decreased ventila- 
tion, prevents this type of compensation from 
being very effective Hydrogen ions are con- 
served by the kidney and some of the elevated 
plasma bicarbonate is excreted into the urine 
In the presence of the depressed concentra- 
tion m the tubular fluid a reabsorption of so- 
dium by the distal renal tubules is accom- 
plished by exchange for secreted K'*' instead of 
H"^, and this may lead to an increased K loss 
in the urme and to a depletion of body potas- 
sium If not replaced from exogenous sources, 
the loss of potassium from the extracellular 
fluids IS partly replaced by potassium liberated 
feom tissue cells m exchange for extracellular 
and Na"^ This transfer of from the ex- 
tracellular fluid to the cells accentuates the 


extracellular alkalosis and tends at the same 
time to cause an intracellular acidosis Simi 
larly, in other cases of potassium depletion, no 
matter how produced, the loss of H+ from the 
extracellular fluid to the cells in exchange for a 
part of the cellular K decreases the [H'^] of the 
extracellular fluids and causes the develop 
ment of an extracellular alkalosis Also, in the 
potassium depleted individual, the low potas 
Slum content of the distal renal tubular cells 
causes the Na^ reabsorption occurring at this 
site to take place mainly in exchange for se 
creted H"*" instead of In such cases the 
urine may be acid (paradoxical aciduria) in 
spite of the extracellular alkalosis, and the loss 
of H+ produced in this way may tend to aggra 
vate the alkalotic state In these cases too, it 
may be possible to relieve the alkalosis only by 
supplying the missing potassium 

“Mixed’’ Acid-Base Disturbances A1 
though the four different major types of acid 
base disturbances described above have been 
dealt with as distinct and separate entities, it 
must be remembered that “mixed” types are 
not uncommon and that a primary abnor 
mality of one kind may readily be superim 
posed upon one of a different variety A pa 
tient with respiratory acidosis from pulmonary 
emphysema may, for example, develop a meta 
bohc acidosis from uncontrolled diabetes, or a 
potassium depletion metabolic alkalosis from 
large doses of steroids used in the treatment of 
an attack of status asthmaticus, or a patient 
with a metabolic disturbance may develop an 
acid-base upsetting abnormality of respiration 


Table 4 19 

Biochemical abnormalities of the blood plasma in the four 
principal types of disturbances 



pH 

PcOa® 

HCOa" 

fHCOri 





mm Hg 

mM/liter 

Numer 

ical 

ratio 

Normal 

74 

43 

26 

2011 

Respiratory 

acidosis 

1 

T 

T 

1 

Respiratory 

alkalosis 

T 

i 

i 

T 

Metabolic 

acidosis 

1 

1 

i 

1 

Metabolic 

alkalosis 

T 

T 

T 

I 


“ mMAiter [CO 2 ] = 0 0301 x PcOa at 38° C 
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The likelihood that such a 'mixed' picture is 
present will frequently be ob\ioiis or be su<^- 
gested by the history and phvsical examina- 
tion The biochemical upset ho\\e\er ma\ be 
quite complicated, since depending upon the 
nature of the disturbances, some of the eliects 
of one may either be partialH cancelled out or 
greatly augmented by those of the other in 
these "mixed” conditions, it is particularh 
necessary to know not onl> the ' total CO^ 
content” but also the pH and PcOa of the 
blood as well In addition, the concentrations 
of sodium, potassium, and other constituents 
of the blood should also be determined if a full 
and correct assessment of the actual acid-base 
status of the individual is to be made 

Investigatsor. and Assessment or 

Disturbance in Reguiaticn 

The direction of the deviations from normal 
shown by the more important biochemical 
characteristics of the blood m each of the four 
major types of acid -base disturbance are set 
forth in Table 4 19 As the data m this table 
show, a depressed pH would be found in both 
the respiratory and metabolic t>pe of acidosis 
a lowered PCO 2 could indicate the presence of 
either a respiratory alkalosis or a metabolic 
acidosis, and an elevated plasma bicarbonate 
concentration could be a characteristic of ei- 
ther a respiratory acidosis or a metabolic alka- 
losis Although, m most cases, the nature of 
the responsible clinical disturbance would sug- 
gest the type of acid -base abnormality present. 



Fig 4 41 Nomogram for graphic determination of 
serum or plasma values by the Henderson Hasselbalch 
equation A straight line through given points on any two 
scales cuts the other two scales at points indicating 
simultaneously occurring values (From McLean 1938) 
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Fig 4 42 Entry of patients data and computer-gen- 
erated evaluation Underlined information was typed by 
the physician everything else by the computer Note that 
the initial potassium entry was rejected as being unrea- 
sonable and that the computer supplied the PCO 2 when 
the physician pressed only the enter button The bicar- 
bonate deficit IS calculated on the basts of two-thirds of 
total body water but the suggested dose (usually less than 
the deficit) is rounded off to the nearest ampoule vihen 
the patients weight exceeds 50 kg Reproduced from 
Bleich (1969) 


it IS obvious that it is not possible to be certain 
of the exact diagnosis on the basis of the deter- 
mination of any single biochemical character- 
istic of the blood plasma, such as the pH or 
the bicarbonate ion concentration, by itself 
alone A complete interpretation of the situa- 
tion m any given patient will require accurate 
mformation about each of the three responsible 
variables: the pH, the PcOs {H 2 CO 3 = 0 0301 
X PCO 2 ), and the bicarbonate ion concentration 
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mmHg 



Fig 4 43 The Siggaard-Andersen Nomogram The 
abscissa is pH and the ordinate is a logarithmic scale of 
PCO 2 Included also are buffer base base excess and 
standard bicarbonate scales from which these blood 
values may be determined Buffer lines for three blood 
samples are shown representing normal acid-base bal- 
ance {ACB) mild metabolic acidosis {DFB) and mild meta- 
bolic alkalosis {GJH) To illustrate the interpolation method 
of PCO 2 determination consider the normal subject (buffer 
tine {ACB) The actual pH of the subjects blood is first 
measured and found to be 7 40 Then small samples of 
blood are equilibrated with two tensions of carbon dioxide 
m this example 22 5 and 57 mm Hg corresponding to 
horizontal broken lines WX and YZ The pH s of these 
equilibrated blood samples are measured and found to be 
7 566 (for PCO 2 22 5) and 7 302 (for PCO 2 57) these 
values are plotted on the nomogram (points A and B) and 
connected by a straight line which is the buffer line for 
this blood sample The actual pH (7 40) is then located on 
this buffer line (point C) and the corresponding actual 
PCO 2 value (40) read from the ordinate scale On the 
acidosis and alkalosis buffer lines shown points DEG, 
and H represent equilibrated values and points F and J 
represent the actual pH-PcOa points This illustration is 
reproduced with the permission of the Radiometer Corpo- 
ration and Dr 0 Siggaard-Anderson Copenhagen Figure 
and legend reproduced from Sharp (1969) 

of the arterial plasma Only when the values of 
all three are known will it be possible to under- 
stand accurately the true nature of the disturb- 
ance 

An inspection of the Henderson-Hasselbalch 
equation 

pH^pK'-f-log([HC 03 -]/[CO,]) 


indicates that if the pK' of the system is 
known and if any two of the other three un- 
knowns (pH, concentration of base, concentra- 
tion of CO 2 ) can be measured, the third un- 
known can then be calculated (Fig 4 41) With 
the development of modern measuring devices 
it IS now possible to measure all three with 
great accuracy provided the necessary care is 
taken to collect the blood in such a way that 
its contents are not disturbed, and to carry out 
the measurements under the exact conditions 
of temperature, and O 2 and CO 2 tension which 
actually exist in the blood 

In recent years, the medical use of com- 
puters has been increasing An excellent ex- 
ample IS the application to the assessment, 
diagnosis, and treatment of acid-base disturb- 
ances This is illustrated m a sample output 
(Fig 4 42) of a program developed by Bleich 
(1969) Laboratory results and other data are 
simply typed, as asked for by the program, on 
a typewriter console An off-shoot of computer 
use has been the development of “self-mstruc- 
tion programs” on various subjects in book 
form The reader is referred to a very fine pub- 
lication on acid-base physiology by Winters, 
Engel, and Dell (1967) 

Of more widespread use, however, is the 
excellent Siggaard-Andersen nomogram (Fig 
4 43) The nomogram is used with pH meas- 
urements of the blood in the Astrup method of 
determination of PCO 2 Whole blood measure- 
ments enable graphic estimation of PCO 2 , 
standard bicarbonate and total buffer base 
(BB) of the blood (Singer and Hastings, 1948), 
the last being essentially equal to the sum of 
bicarbonate and proteinate It also enables 
quick determination of the base excess (BE) of 
the blood which is the buffer base (BB) found 
minus the normal buffer base of the blood in 
mEq Alter Negative values of BE indicate a 
situation m which a deficit of buffer base ex- 
ists. 

Although the computer is most helpful and 
nomograms simplify manual calculations, it 
must be emphasized that a thorough under- 
standing of the interplay of acids and bases m 
the body’s control of hydrogen ion concentra- 
tion is essential and without substitute 




2 FLUID DISTRIBUTION AND 
EXCHANGE 


^easuresnert oi Fiu:d 

The totai volume of water m the body \anes 
among species, m man it has a mean value of 
approximately 6b9c of the body w^eight, or 
roughly one-third (It is about 65Tc also m the 
dog, and about 73% for guinea pigs and rab- 
bits ) It IS difficult to establish proper mean 
values for body water, because its total volume 
IS related to the mass of the lean tissues of the 
body rather than to the body weight In an 
obese person it is a much lower percentage ot 
the body weight than m one who is lean The 
values, therefore, var>' widely both between 
persons and different species of animal m ac- 
cordance with their fatness or leanness 

The total volume of the body water can be 
determined by injecting into the blood stream 
a known amount of water containing deu- 
terium or tntium, or antipynne which becomes 
uniformly distributed throughout the body 
fluids (intracellular and extracellular), and 
then determining its concentration m a sample 
of serum Tntium-labeled water may be more 
conveniently measured than deuterium-labeled 
water because of the radioactivity of tntium A 
further method using JV-acetyl-4-aminoanti- 
pyrene has also been described 

The extracellular fluid, which compnses the 
blood plasma, the tissue or interstitial fluid, 
lymph and the fluid m the serous cavities, 
amounts to about 24% of the body weight, the 
plasma water constitutes only about 4% of the 
body weight in man The fluid within the cells, 
the intracellular fluid amounts to 41% of the 
weight of the body, or about two times the ex- 
tracellular fluid The skeletal muscles contain 
about half, the skin about one-fifth and whole 
blood only about one-tenth of the total body 
water (Table 4 20) 

Substances, such as sucrose, mannitol, inu- 
lin, thiocyanate, and to a lai^e extent chloride, 
when introduced into the body, become uni- 
formly distributed throughout the extracellular 


fluid? but do not enter the ceils in important 
amounts and, since the\ are not metabolized 
and are not excreted too rapidh, can be em- 
ployed to estimate the \olume of the extracel- 
lular iluid in the living animal Wlien, lor 
example, a known amount oi thiocyanate is 
injected into the blood stream and sufficient 
time allowed for equal distribution to occur, 
the volume of the extracellular w^ater can be 
calculated from the concentration of the solute 
in a sample of serum Radioactive sodium or 
chloride may also be employed for such deter- 
minations, but since these solutes are not ex- 
cluded from ail types of cells they are not as 
dependable as thiocyanate or sucrose, espe- 
cially if absolute values are sought The extra- 
cellular fluid is visualized as occupying a space 
of the determined volume, and according to 
the solute used m the estimation, it is cus- 
tomary to speak of the thiocyanate space, su- 
crose space, etc It is w^eii to appreciate that 
some of the methods for determining extracel- 
lular fluid volume, because they measure only 
the volume of fluid into which the test sub- 
stances can freely diffuse, exclude a certain 
amount of the fluid that is outside cells, such 
as eye humors, cerebrospinal fluid, and secre- 
tions of glands, whereas these fluids are 
usually included m the estimation of totai 
body water 

The values for the total body water and for 
the extracellular water having been deter- 
mined by the methods just outlined, the intra- 
cellular water volume can be found by subtrac- 
tion (see Table 4 21 for percentages) Intracel- 
lular water under ordinary conditions is a 
rather fixed quantity, a loss of one -fourth of 
the body water is usually fatal 

Under physiological conditions the intersti- 
tial fluids show the greatest changes In dehy- 
dration the proportion of the total water lost 
from extracellular and intracellular compart- 
ments vanes with the manner m which the 
negative water balance is produced When, for 
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Table 4 20 

Water content of various tissues 


Tissue 

Water Content 


% 

Muscle (stnated) 

75 

Skin 

70 

Connective tissues 

60 

Adipose tissue 

20 

Bone (marrow -free) 

25-30 

Blood 


Plasma 

90 

Cells 

65 

Kidney 

80 

Liver 

70 

Nervous tissue 


Gray matter 

85 

White matter 

70 


Table 4 21 

Distribution of body water 



Percentage 

Compartment 

of Body 
Weight 

A Extracellular 

In plasma 

4 

In interstices 

15 

In hollow viscera, eye, etc 

5 

B Intracellular 

41 


example, the dehydration is caused by sucrose 
diuresis, about 85% of the excreted water is 
denved from extracellular and 15% from intra- 
cellular sources Whereas, in dehydration re- 
sulting from water deprivation, the water loss 
IS from 57 to 67% intracellular 

Water Balance 

In health, except when new tissue is being 
formed, the body’s intake of water obviously 
must balance the output When the output 
exceeds the intake, the body’s water content is 
reduced and the body is then said to be in 
negative water balance, dehydration results 
When, as during growth, convalescence from 
an acute illness or in pregnancy, new tissue is 
being formed, or for a time after a subject has 
been placed upon a reducing diet, the water 
balance is positive, the intake exceeding the 
output, 1 e , water is retained 

The antidiuretic principle of the hypophysis 
constitutes part of the mechanism regulating 
the volume of body water In dehydrated 
states, increased amounts of the pituitary 
hormone are excreted m the urine (sect 5) 


WATER INTAKE 

Body water is replenished in two mam ways 
a) by the ingestion of liquids, semisolid, and 
“solid” food (cooked lean meat, for example, is 
from 65 to 70% water), and b) by the water 
formed in metabolism through the oxidation of 
the hydrogen of the food, or of the body tissues 
themselves Table 4 22 gives the quantities of 
water produced by the metabolism, respec 
tively, of the three mam food stuffs and of al 
cohol Water is also formed in the tissues 
through the polymerization or synthesis of var 
lous compounds, i e , through a metabolic 
process the reverse of hydrolysis An ordinary 
mixed diet yields as a result of oxidative proc 
esses from 300 to 350 gm of water daily, or 
about 14 gm /lOO kcal When no food or drink 
IS taken, the body matenals themselves are 
utilized for this purpose, the glycogen, protein, 
and fat supplying important quantities of 
water The camel’s hump, for instance, which 
IS largely composed of fat, is a reservoir for 
large amounts of water, and the clothes moth 
kept m a desiccator and fed upon perfectly dry 
food lays eggs which are 80% water 

For the adult, the amount of water from all 
sources and under ordinary circumstances 
which must be ingested daily is around 2500 
ml or about 1 ml /kcal of food intake This 
usually means that about 1000 ml of water as 
such or m beverages must be drunk in order to 
maintain the water balance 

The water intake under conditions of av 
erage temperature, humidity, and diet is 
summarized in the following Table 4 23 The 
volume of body water is held constant through 
a nicely balanced adjustment between intake 
and output The intake is regulated mainly by 
the sensation of thirst (sect 9, chap 7) 

WATER OUTPUT 

Water is lost from the body in the feces, 
unne and saliva, and by the evaporation of 
water from the skin and lungs The daily loss 
through these several channels is given in the 
following Table 4 24 for a man of average size 
at light occupation in a temperate climate 
Under usual conditions of air temperature (23 
to 25® C), humidity, and diet, the heat lost 
from the lungs and the surface of the body by 
the evaporation of water amounts to about 24% 
of the total heat production The measurement 
of this insensible water loss under standard 
conditions may therefore be employed as a 
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bie 4 22 

ater of oxidation 


100 gm of fat yield 107 1 gm 

100 gm of starch yield 55 1 gm 
100 gm of protein }ield 41 3 gm 
100 gm of alcohol yield 117 4 gm 

of water 
of water 
of water 
oi water 

bSe 4 23 


ii)y water intake 


Source 

Vol /dav 


ml 

olid and semisolid food 

1200 

xidation of food 

300 

Tinks (water, milk, coffee, beer, etc I 

1000 

able 4 24 


ally water loss 


Site of Loss 

Vol /day 


ml 

)kin (at average temperature and 

500 

humidity) 


Expired air (at average tempera- 

350 

ture and humidity) 


Jnne 

1500 

'■'eces 

150 

Total 

2500 


basis for the determination of the basal meta- 
bolic rate 

The water lost through the skin and lungs 
vanes greatly with the temperature and rela- 
tive humidity of the atmosphere and with the 
extent of the muscular exercise indulged m At 
ordinary temperatures slight secretion by the 
sweat glands is not perceived since the sweat 
evaporates as quickly as it is formed This in- 
sensible perspiration, as it is called, includes 
the loss of a greater amount of water by evapo- 
ration from the moist tissues beneath the skin, 
this loss IS quite apart from the actual secre- 
tion of visible sweat The diffusion ot water 
through the skm and evaporation from the sur- 
face under ordinary comfortable conditions of 
room temperature and humidity is around 1 
mg/cm ^ of skm surface in a penod of 10 mm 
The rate of diffusion is little different for 
living or dead skm and whether sweat glands 
are present or absent When the air is hot or 
the body temperature raised, the rate of evapo- 
ration of water from the skm is much more 
rapid In hot climates the daily secretion may 
amount to 3000 ml daily, and in very torrid 


atmosphere^ it mav be as much 10 liters 
When heavv woriv 1 *^ done m a hot environ- 
ment, ^weat mav oe secreted at the rate ot 1 
hters;hr Thi> necessitates the drinking of an 
equal quantitv of fluid in order to maintain the 
normal water content ot the body since the 
intake must equal the output 

At ordmarv temperature^ the inspired air 
contains negligible quantities of water 
w'hereas the expired air is almost saturated 
With moisture Am condition which increases 
the pulmonarv ventJation therefore increases 
the water lost bv this route 

REGULATION OF VOLUMES AND 
OSMOLARITY 

The isotonicit> ot the bod} fluid which de- 
pends mainly upon its concentration m so- 
dium and chloride is maintained constant by 
the retention or elimination ot both water and 
electro!} tes the kidneys playing the primarv^ 
role m this regulation Just how this regulation 
IS achieved is not clear!} understood The h>- 
pothalamus is important m controlling both 
the liberation ot antidiuretic hormone by the 
posterior pituitaiy^ gland, and water intake 
(sect 9, chap 7) There must be, however, 
some means ot regulating the absolute amount 
of body water The basic factor m this control 
may be the regulation of sodium excretion by 
the kidney (sect 5, chapt 1) Circulatory 
changes are also important Factors leading to 
a reduction in circulating blood volume, ve- 
nous return, or cardiac output appear to re- 
duce the excretion of salt and water and in- 
crease the water intake, whereas factors in- 
creasing blood volume or the venous return 
and cardiac output increase the excretion of 
salt and water and inhibit thirst 

Changes in the diet can bring about changes 
in the total body water Protein is laid down m 
the body with water (about 3 gm oi water per 
gram of solid) During growth or convalescence 
from wasting diseases, retention of water 
therefore occurs, i e , the intake of water, in- 
cluding that derived from solid food, exceeds 
the output Fat is laid down with a minimal 
amount of water (only that in the protein of 
the connective tissue framework), the deposi- 
tion of glycogen is accompanied by a small 
storage of water Water retention therefore fol- 
lows a sudden change from a high fat to a high 
protein diet, and to a lesser degree from a fat 
diet to one high in carbohydrate A change 
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from a diet high m carbohydrate or protein to 
one high m fat is followed by the loss of water 
Reduction of the caloric value of the diet 
below the energy requirement is accompanied 
for a time by the retention of water During 
the 1st week or so on a reducing diet the sub- 
ject’s weight may for this reason show little or 
no change, the fat catabolized being replaced 
by water In a prolonged fast after the fat 
stores have been depleted, protein is also 
partly replaced by water, the muscles of ani- 
mals dying of starvation showing a marked 
reduction m the proportion of protein 

DEHYDRATION 

Major Causes of Dehydration 1) Water 
Depletion or Primary Dehydration a) Simple 
deprivation of water from whatever cause 
shipwreck, desert travel, dysphagia, extreme 
weakness, mental patients refusing to drink, 
etc Under such circumstances, though there is 
an effort to conserve the stores of body water, 
through a reduction in the amount excreted by 
the kidney, in the sweat and by other routes, 
some water is always lost though none be 
drunk Dehydration occurs more quickly in 
fever or if the environmental temperature is 
high 

b) Excessive water loss may result from per- 
sistent vomiting (e g , pyloric or intestinal ob- 
struction), prolonged diarrhea, or the excretion 
of large quantities of urine or sweat, expecially 
when accompanied by a restricted water and 
salt intake In the acute diarrheas of infants, 
dehydration and loss of weight may occur very 
rapidly Such water loss is accompanied by 
serious depletion of electrolytes 
In water depletion the osmotic concentration 
of the extracellular fluid rises, water is drawn 
from the cells, and both extracellular and in- 
tracellular compartments shrink Extreme 
thirst IS experienced 

2) Reduction in the Total Quantity of Elec- 
trolytes^ Salt Depletion, or Secondary Dehy- 
dration The electrolytic concentration of the 
body fluids, both extracellular and intracellu- 
lar, IS maintained constant through the elimi- 
nation or retention of water. That is, a reduc- 
tion or increase in the total electrolytes, which 
comprise chiefly the cations Na"^ (extracellu- 
lar) and K"*" (intracellular) and the anions, 
and CU, is accompanied by a corre- 
sponding decrease or increase in the volume 
d body wat^r. The sum of the cations and 


anions of course must balance Loss of Cl' can 
be made good by the retention of CO 2 and a 
rise in plasma bicarbonate Excreted cation 
however, can be replaced only by basic sub 
stances supplied in the food The total con 
centration of electrolytes in the body fluids is 
therefore dependent upon the stores of total 
cation For example, in pyloric or high intesti 
nal obstruction, fluid is secreted m large quan 
titles into the gastrointestinal tract The fluid 
may be vomited or may collect and remain 
in the dilated part of the canal above the ob 
struction In either case the secretion of large 
quantities of gastric juice entails a loss of 
blood chloride, and an appreciable quantity 
of K'^ The chloride depletion causes at first 
no ill effects, the normal concentrations in 
electrolytes of the blood and tissue fluids be 
mg maintained for a time by the retention of 
CO 2 , and, as a consequence of this, an m 
crease in bicarbonate The compensation for 
the Cl" loss may lead, however, to alkalosis 
which IS then countered by an increased ex 
cretion of Na+ in the urine This of course is 
accompanied by diuresis, marked dehydra 
tion results 

On the other hand, the continued loss of 
pancreatic juice to the exterior causes an im 
mediate depletion of cation, plasma bicar 
bonate is reduced In the adjustment of the 
acid-base balance the excess of anions is ex 
creted in the urine, this again entails a loss of 
water Similarly, the ingestion of acid-pro- 
ducing salts causes a depletion of cations, 
which are used for the neutralization and ex- 
cretion of the acid radicles Such salts there 
fore act as diuretics and dehydrating agents 

In salt depletion the extracellular fluid is 
hypotonic, water enters the cells, so that the 
volume of intracellular fluid is maintained or 
even increased, whereas the extracellular fluid 
(especially the interstitial) is reduced 

Clinically, the leaching of salt from the body 
of a seriously ill patient by glucose infusions 
used to be a not uncommon cause of salt de- 
pletion 

3) The Injection of Hypertonic Solutions 
into the Blood Stream When a strong sugar or 
salt solution is injected, the temporary rise in 
the osmotic pressure of the blood causes a flow 
of fluid from the tissues into the vascular 
system until equilibnum is re-established The 
blood volume is increased, but is soon returned 
to normal by the loss of the excess matenal 
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into the tissues and its eventual excretion via 
the kidne> and bowels A net loss oi bods 
water results 

Effects of Dehydration Loss of ue^pht 
due to the reduction m tissue water as well as 
to the actual breakdown of bodv substance 
which occurs in the effort to furnish water for 
the maintenance of physiological processes 
Fat and carbohydrate stores are first drawn 
upon for this purpose and later, protein bl 
Disturbances in acid-base balance usually 
toward the acid side The diminished quantity 
ot circulating fluid (loss of plasma water, anhy- 
dremia) and the consequent depression ot oxi- 
dative processes m the tissues are held respon- 
sible for the excessive production of acid me- 
tabolites, e g , lactic acid The slowing of the 
renal circulation also leads to a reduced excre- 
tion of unne and the retention of anions, e g , 
phosphate and sulfate, which under normal 
circumstances are eliminated c) Rise in the 
nonprotein nitrogen of the blood d) Rise in 
plasma protein concentration and of chloride 
though there is no absolute increase There is 
an absolute increase m blood sugar, especially 
when the stage of exhaustion approaches e) 
Rise in body temperature as a result of the 
reduction in circulating fluid (sect 9, chap 7) 

/) Increased pulse rate and reduced cardiac 
output g) Thirst This occurs m water deple- 
tion but not m salt depletion Any fall m the 
water content of the tissues is reflected in the 
glandular activities especially of the salivary 
glands Secretion is suppressed, the mouth and 
throat become dry In dehydration thirst is 
extreme and the mouth parched h) Dryness, 
wrinkling, and looseness of skin and a pinched 
expression to the features result from the loss 
of subcutaneous fat and of water from the 
deeper layers of the skin Other manifestations 
are, reduced intraocular tension and recession 
of the eyeball and, in infants, depression of the 
fontanelle i) Exhaustion and collapse 

WATER INTOXICATION 

When an animal is given large quantities of 
water by stomach tube, especially if urinary 
secretion is reduced by the administration of 
pitressm, the tissues become “water-logged/’ 
serious symptoms ensue, e g , depression of 
temperature, vomiting, convulsions, and coma, 
which shortly end in death Similar effects also 
follow in man if large quantities of water are 
given to a patient with nephntic edema or, if 


in a subject of diabetes ^nsipidus, pituitnn be 
admiPFtered whilt the water intake is mam- 
tamed at the usual k\ei The manifestations ot 
water intfs\icat:^*n are believed to be due to 
the dilution (A electrolytes in the body fluids, 
and the damage caused therebv to the tissue 
cells 

Adrenalectomy reduces the renal response to 
water drinkirg, and thus increases the su-.cep- 
tihiiity to water intoxication This suscepti- 
biiitv is reduced b\ the admini-tration of des- 
ox\ corticosterone oi 17-hydroxy-l l-deh\dro- 
corticcjsterone or o! thvroid hormone A '>im- 
ilar protective action exerted by these prin- 
ciples upon normal animals 

In water intoxication the protein and chlo- 
ride of the plasma are diminished, although 
much of the w^ater retained m the body enters 
the cells ot blood and tissues which become 
swollen The artificial administration oi inor- 
dinate amounts of water in the form of glucose 
solution, especially after surgical operations 
when there is some tendency toward antidi- 
uresis, may cause senous disturbances m water 
metabolism The effects of an excess of body 
water induced m this way can be corrected 
readily by the administration of hypertonic 
saline 

Blooil Vcldmfc 

Blood volume regulation is largely a ques- 
tion of balance between the fluid within the 
vessels and in the tissues When conditions 
arise which tend to lower or raise the volume 
of blood, counter forces come into play w^hich 
restore the normal level WTien circulating 
fluid is lost, the vessels replenish themselves 
from the extravascular spaces On the other 
hand, any tendency for the blood volume to 
rise IS met by a discharge of the excess fluid 
into the tissues and later from the body m the 
unne So, a balance is struck, and in health 
the blood volume is maintained remarkably 
constant For example, after the intravenous 
injection of a large quantity of saline, the 
volume of circulating fluid (although raised 
temporanly) is brought back toward normal 
within 30 min or less On the other hand, the 
loss of whole blood, as by hemorrhage, imme- 
diately calls into action processes which tend 
to replenish the blood volume When an an- 
imal IS bled to death, at a not too rapid rate, 
the blood which is withdrawn is found after a 
few minutes of bleeding to have become di- 
luted — clmrly demonstrating the promptness 
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with which fluid (water and salts) has been 
absorbed into the vessels 

Blood volume estimations are of value in 
many clinical conditions associated with a loss ' 
or gain of fluid by the body, or for the purpose 
of checking the results of corpuscular and 
hemoglobin estimations It is also sometimes 
of interest to know, in experimental investiga- ^ 
tions and m metabolic studies m man, the ’ 
total amounts of certain blood constituents, 
e g , protein, calcium, sodium, etc , as well as 
their concentrations 

DIRECT METHOD FOR THE ESTIMATION ! 
OF BLOOD VOLUME 

The first attempts to measure the total 
quantity of blood in the body were made upon 
animals by Welcker (1854) His method con- 
sisted in taking a small measured quantity of 
the animal’s blood and diluting it to 1 in 100 
with normal saline The animal was then bled, 
and after the blood had ceased to flow, its ves- i 
sels were washed out and the muscles minced 
and extracted with water Water was then 
added to the collected fluid — blood and wash- 
ings — until its color matched precisely the tint 
of the original diluted blood specimen The 
total collected fluid divided by 100 gave the 
blood volume 

This method was also employed upon decap- 
itated criminals (Bischoff, 1857) m order to 
obtain a value for the blood volume of man, 
but since its applicability was obviously very 
limited, indirect methods were later devised 

INDIRECT METHODS FOR ESTIMATION 
OF PLASMA VOLUME 

Several methods are available for the deter- 
mination of the blood volume during life 

Method Using T-1824. The dye method was 
originally devised by Keith, Rowntree, and 
Geraghty (1915) The degree of dilution in the 
plasma of a known amount of dye injected into 
the circulation is employed as the basis of cal- 
culation The color of the stained plasma is 
compared in a colorimeter with that of a 
standard dye solution of known concentration 
There are several qualifications required of a 
dye before it can be considered suitable for 
blood volume measurements In the first place, 
of course, it must be innocuous It must not 
diffuse too rapidly from the blood stream, it 
mhst color only the plasma, and not be ad- 
sorbed by the cells of tbs'" blood nor by the 


walls of the blood vessels It must not change 
color itself after entering the blood, nor cause 
the liberation of pigment from the red cells 
(hemolysis), and it must be capable of mixing 
evenly and thoroughly with the plasma If it 
lacked these qualifications, the colorimetnc 
readings obviously would be undependable 
The dye most commonly employed is a blue 
dye, T-1824 (Evans blue) Evans blue has the 
advantage that the error due to any discolora 
tion of the plasma by hemoglobin (hemolysis) 
is minimized This dye is also eliminated very 
slowly (4 8 %Air ) from the circulation It re- 
mains in the circulation because it combines 
with protein, although this combination appar- 
ently is not strong, for the two can be sepa- 
rated by paper electrophoresis 
In making an estimate of blood volume a 
sample of plasma is obtained before the dye is 
injected Then a known amount of the dye is 
injected intravenously and blood samples are 
obtained at 10-, or 20-, 30-, 40-, and 50-mm 
intervals after the injection The concentration 
of dye in the plasma is measured Because the 
dye leaves the circulation to some extent, it is 
necessary to determine the fall in concentra- 
tion of the dye with time By extrapolating 
back to zero time from the curve of concentra- 
tions, the concentration of the dye at zero time 
can be computed and this is used to calculate 
the blood volume Because T-1824 leaves the 
circulation slowly, in normal persons it is 
usually possible to obtain a reasonable esti- 
mate of the blood volume from a sample ta'“* en 
10 min after the dye has been injected, but 
under conditions when mijftng is slow, the ex- 
trapolated values are preferable From the 
concentration of dye in the sample and the 
amount of dye injected, the dye dilution, and 
hence the plasma volume can be computed 
Method Using ^ Plasma volume may 
also be estimated by the injection of albumin 
“tagged” with This is not affected by 

hemolysis or lipemia, nor does it stain the tis- 
sues, but it also has the disadvantage of re- 
quiring information concerning its disappear- 
ance rate Because only minute amounts of 
radioactivity are used in each test, repeat de- 
terminations can be made accurately and in 
rapid succession This technique has been 
adapted for use at the bedside with the advent 
of improved equipment, and has largely sup- 
planted the use of Evans blue Measurements 
of plasma volumes by the use of T-1824 and by 
means of albumin give similar results 
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Dextran Method* \nother procictare ha«. 
been developed Utoin^: a dextran 
leaves the eircuiatifjii \tn slf Ifti- TLeth^ci 
has the advantage ol requiring nnl\ twf* niuod 
samples, one ot whieh i> a contna It .s unai* 
fee ted by lipemia or remuKsis emp.o^H a 
colorless matenal and require^ no highiv ■^pe 
cialized equipment for it*- estimation 
CALCULATION OF BLOOD VOLUME 
These various procedures give an e^'^'mate 
only of the plasma volume^ In order to obtain 
the value lor the total blood volume, the p’^o- 
portion of cells to plasma must be determined 
by means ot the hematocrit It the Datked tell 
volume thus obtained is, tor example 45'' the 
plasma volume is therefore 55^ Thus, the 
total blood volume can be calculated from the 
plasma volume and the hematocrit reading 
In calculating the blood volume from the 
plasma volume and the hematocrit reading it 
IS necessarily assumed that the proportion ot 
red cells to plasma is the same throughout all 
parts of the vascular system, but experimental 
evidence is strongly against such an assump- 
tion In capillaries the proportion of red ceils 
to plasma may be considerably less or more 
than m the larger vessels To eliminate the 
error of unequal distribution of red cells 
throughout the circulation, methods have been 
devised for the estimation of the total circu- 
lating red cell volume These use the dilution 
of injected red blood cells which have been 
“tagged” with radioactive iron radioac- 

tive chromium (^^Cr) or radioactive phos- 
phorus (^^P) This method is based on two as- 
sumptions — i) thfft Mione of the radioactive 
atoms escape again after being taken up by the 
erythrocytes, and ii) that all the labeled cells 
become mixed with the recipient’s cells 
equally throughout the circulation Only the 
pnnciple of the method can be given here, for 
details the reader is referred to the original 
papers (Hahn et al , 1942, Gibson et al , 1946) 
Radioactive chromium is the isotope used 
most frequently for this purpose 
In order to determine the total blood vol- 
ume, the plasma volume is measured, for ex- 
ample, by the method, and that result is 
added to the value obtained for the circulating 
red cell volume 

NORMAL VALUES FOR PLASMA AND 
WHOLE BLOOD VOLUMES 
In normal subjects, blood makes up roughly 
7% of the body weight, with plasma volume a 
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line "Htr 4 and red leL vnlume about 
Ihe pla-ma iulume l adu t iraies abc^ut ib 
ml , red ced .nlame about Id ml and the 
vvroie V'. umt xn the nei ghb4rh ooci of TM 

mi kg id h The bhxjd vnmire of a 

man ot avenigc we'ght )70 kg i thereture 
afoupd “) idem The blood voiame m terms ot 
Docl> weignt stiovv^ iop>iderahie \ anatom from 
person to person Changes m Podv den^itv 
aher this rtoaUun-rip .>! hh^ed volume to oodv 
wveight Tut re'ationship between blood 
voiumt and bedv height show?* a smidar varia- 
hiiiiv The must constant relationship is f(ound 
lietvveen a tombinatam ot bodv weight and the 
cube or bodv neight 

ALTERATIONS IN BLOOD VOLUME 

Major Causes of Reduction of the Blood 
Volume h A loss of uhoie blood m hem- 
orrhage 2f Reduction in the total number of 
red cells as a result of increased destruction or 
diminished production isee anemia, chap 3i 
Si Loss of plasma alone from the vessels as in 
hums or shock from other causes 4i Loss of 
blood uater This is called anhydremia and is 
simpiv a part of a general deh>dration and so 
results from the same causes as the latter 
Acute exposure to cold causes a moderate loss 
of water irom the blood to the tissues lchiefl> 
skin muscle and probably iiverl, the total 
water content of the body remaining unal- 
tered It IS not altogether clear b> what means 
this movement of water is brought about The 
blood volume of the human subject after 30 
mm or so m the erect posture is some 15T> less 
than that in recumbency A fluid of low pro- 
tein concentration leaks from the v essels of the 
lower limbs into the extracapiiiary tissues as a 
result apparently of the increased hydrostatic 
pressure m the capillaries of these parts For 
this reason, a subject must be in the recum- 
bent position m orde^ to obtain an accurate 
measurement of blood volume 

Increase in Blood Volume, I) High Tem- 
peratures In hydrated subjects, exposure to a 
high temperature leads to an increase in blood 
volume This increase reaches a maximum m 
about 7 days after which it may return toward 
normal The extracellular fluid volume in- 
creases also, although initially the greater part 
of this increase is reflected m the elevated 
plasma volume In the first few hours after 
exposure to heat the changes are slight and 
inconsistent 

2) Muscular Exercise The effect of a bout of 
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vigorous exercise in man is to decrease the 
plasma volume The magnitude of this de- 
crease may be exaggerated when measure- 
ments are made by the dye method because of 
a change in the optical properties of the 
plasma However, the protein concentration of 
the plasma, and the red cell count increase 
The increase does not seem to be progressive 
Some elevation in blood volume may occur 
with muscular training This can be demon- 
strated in dogs, but in men accustomed to 
hard physical work, the red cell volume in re- 
lation to height and weight is only slightly in- 
creased over that of sedentary individuals 

3) Emotional Excitement in animals and in 
man causes an increase in blood volume 

4) Pregnancy In pregnant women, the blood 
volume though somewhat variable increases on 
the average by 20 to 30%, though in the last 
few weeks of pregnancy tends to fall again 
There is an increase m plasma volume and in 
interstitial fluid Associated with this is a re- 
tention of sodium Restriction or the adminis- 
tration of salt reduces or increases, respec- 
tively, the volume of extracellular fluid The 
mcrease in plasma volume in pregnancy, com- 
bined with a lower protein concentration of the 
plasma is responsible, in part at least, for the 
edema of the lower limbs which commonly 
occurs in the pregnant state Hemoglobin de- 
terminations in the last trimester of pregnancy 
give a falsely low indication of total red cell 
mass 

5) Congestive Heart Failure As a result of 
the retention of sodiiim, the extracellular fluid 
undergoes a pronounced increase 

d) The Administration of Desoxy corti- 
costerone causes a retention of salt and, as a 
consequence, a rise in the volume of plasma 
and interstitial fluid This depends on the salt 
load Aldosterone is much more active than 
desoxycorticosterone in its effect on sodium 
retention It helps to keep in equilibrium the 
fluid volume and sodium retained, fluid reten- 
tion varying directly with that of sodium 

PATHOLOGICAL STATES ASSOCIATED 
WITH ALTERATIONS IN BLOOD VOLUME 

Reduction, a) Hemorrhage (loss of whole 
blood), b) Burns (loss of plasma), c) Dehydra- 
tion (loss of water), d) Pernicious Anemia (re- 
duction in red cells, with a moderate increase 
in ida^hui), e) Ceitain Chrome Anemias Other 
3^h(m J%Qse of the Pernicious Type In these 


the total blood volume, as a rule, is not greatly 
below normal as calculated upon the basis of 
weight or of surface area f) Obesity The blood 
volume per kilogram of body weight is much 
reduced but is normal when considered in rela 
tion to the body surface g) Myxedema (reduc 
tion of both red cells and plasma but mainly of 
the former) 

Increase, a) Polycythemia Vera (increase 
mainly of red cells but also of plasma), b) Cir- 
rhosis of the liver (increase of plasma), c) Leu- 
kemia (increase in white cells and plasma), d) 
Splenomegaly with anemia — Banti’s disease 
(increase in plasma) , e) Hyperthyroidism 
(equal increases both in red cells and plasma), 
f) congestive heart failure (increase m plasma) 

It should be pointed out that the proportions 
of red cells and plasma may vary from the 
normal though the total blood volume remains 
unaltered With regard to the blood volume 
and the proportion of cells to plasma there are 
therefore nine possible blood states 

THE EFFECTS OF HEMORRHAGE 

When more than 30% of the blood volume is 
lost rapidly, the body is usually unable to re- 
pair the loss unaided and, unless transfusion is 
resorted to, death results In a healthy man the 
loss of 30% or less of his blood calls readjusting 
mechanisms into play which may bring the 
blood volume back to the normal level within a 
remarkably short time, 500 ml or so of blood 
drawn for transfusion purposes are said to be 
replaced within an hour or so The restoration 
of the blood to its previous concentration in 
erythrocytes, however, takes about 7 weeks on 
the average This time may be shortened con- 
siderably by the administration of iron and a 
diet containing a liberal quantity of high 
quality protein Fowler and Barer found in a 
study of 200 blood donors that, after the re 
moval of 550 ml of blood, the average fall in 
hemoglobin was 2 3 gm /lOO ml Regeneration 
of hemoglobin occurred at the rate of 0 049 
gm /lOO ml for men and 0 040 gm /lOO ml for 
women per day 

The protective mechanisms which automati- 
cally come into action after hemorrhage are 
several and may be divided into two groups— 
immediate or early and delayed 

Immediate or Early Effects. If the loss of 
blood IS large, especially if it is of sudden oc- 
currence and from an artery, there is a prompt 
fall in blood pressure as a result simply of the 
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reduction m circulating fiuid It not too g’-ea* 
the fall in pressure salutan since u helps 
prevent further bieedmg \ moderate 
blood, lO^'T of the tout amount, produce^ wfle 
or no drop m pressure This is espec^aliv true 
if the blood is lost graduaiH and li it comes 
from a \em i e bevond the penpheral 
ance Under these circum-stances compensa- 
tory mechanisms easily maintain tiie pre^^sare 
of blood at its normal heignt Three mam 
compensations relating to the \ascular sy'^tem 
occur a) reduction m the capacity ot the vas- 
cular bed, b\ increased peripheral resistance, 
and c) fluid entry from the tis&ues 

Reduction in Capacity of ttie Vascular Bed 
and Redistribution of the Blood When the 
flow of blood has been stopped or consideruDly 
lessened by a complete or partial closure of the 
wound in the v essel, the blood pressure, li this 
had fallen, rises again This is the result 
mainly of a readjustment of the capacity of the 
vascular system, whereby it is made to con- 
form more nearly to the lessened volume of 
blood It is this reduction m the vascular ca- 
pacity w'hich prevents the initial fall m pres- 
sure when the loss of blood is gradual It is ef- 
fected by the reflex narrowing of innumerable 
small vessels (vasoconstriction) in regions such 
as the skin, mucous membranes, mtestme, and 
other parts not immediately essential to life If 
the hemorrhage has not been too severe the 
reduction m the capacity of the vascular bed 
may result in maintenance of an adequate 
venous return and consequent maintenance of 
cardiac output and of arterial blood pressure 
If the hemorrhage is somewhat greater, then 
the venous return and cardiac output may fall, 
but the blood pressure may be maintained by 
an increase m penpheral resistance along with 
a reduction m the capacity of the arterial ves- 
sels If the hemorrhage is still greater, then the 
artenal blood pressure will fall and may be 
restored by restoration of blood volume 
through the entrance of fluid into the blood 
vessels from the tissues The vascular response 
IS called into play by the underfilled state of 
the artenes and large veins feeding the heart 
(see vascular reflexes, sect, 3, chap 8) 

These measures, whereby the blood re- 
maining m the vascular system is confined to a 
smaller space are of the utmost importance, 
they enable the essential centers m the me- 
dulla to be supplied with blood under adequate 
pressure to sustain their vitality Also a greater 


quantitv nl blood than wffuid otherwise be pos- 
Is brought to the heart tc« sappiv its mus- 
cle, tii^ 'ts cavitses and mamtdin the circuia- 
The withdrawal oi bluod from the less 
imoortant oartN of the body is responsible, 
nowever tor -.orne nf the characteristic mani- 
festations (ft hemorrhage notably the pallor ot 
t*ie sA.n and mucous membranes and the 
CO dness of the body surface The cerebral 
anemia cause*- sensations ot giddinesa or iaint- 
nesto, flashes ot light or ringing m the ears 
( tmnitus* 

Delayed Effects Replacement of the Lost 
F^uid Th*te, it has already been mentioned, 
commences almost upon the instant that the 
blood iS lost, but takes a variable length of 
time, depending up<m the extent oi the blood 
loss to become complete It occurs as a result 
of the low^ hydrostatic pressure within the cap- 
ilianes Fluid from the tissues moves mto the 
vessels and dilutes the blood The corpuscular 
concentration is therefore reduced and since 
fluid IS entering the capillaries directly from 
the tissues and not by way oi lymphatics, less 
protein is returned with the fluid from the tis- 
sues, and for a short time after hemorrhage the 
protein content of the plasma is markedly 
depressed Very' soon, however, the concentra- 
tion oi protein m the plasma shows a rise 
again as a result of the mobilization of protein 
stores probably from the tissue stores The ex- 
treme thirst (sect 9, chap 7) which the subject 
of acute hemorrhage suffers is the call of the 
tissues for fluid and indicates that their own 
fluid stores are being drawn into the under- 
filled vessels The administration of water will 
therefore aid the body m recovering its winter 
balance and replenishing the blood volume 

Replacement of the Blood Cells finally oc- 
curs through the increased activity of the 
blood-forming organs This takes several days 
or weeks, the rapidity of the process depending 
to a large extent upon the nutrition and recu- 
perative power of the individual and upon the 
diet as well as the amount of blood lost While 
the repair process is in progress reticulocytes 
are found in increased numbers m the blood 

Interchange of Fluid Between the 
Tissues and Capillaries 

The physical factors which determine the 
flow of fluid from the tissues mto the blood 
streana as well as m the reverse direction — 
from the vessels to tissue spaces — are the os- 
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motic and hydrostatic pressures of the fluids in 
the two situations Osmosis is diffusion 
through a membrane separating water — or an 
aqueous solution — to which the membrane is 
permeable, from another aqueous solution to 
whose dissolved materials the membrane is 
impermeable Such a membrane that permits 
the passage of water or of some substances in 
solution, but acts as a barrier to the molecules 
of certain other substances, is called semi- 
permeable Osmosis is explained in section 1, 
chapter 2 

Isotonic, hypertonic, and hypotonic are 
terms employed to denote the osmotic activity 
of a solution as compared to that of some other 
solution If, for example, two salt solutions of 
equal strength are separated by a semiperme- 
able membrane neither will develop an os- 
motic pressure, they are said to be isotonic If 
the solution on one side of the membrane is 
stronger, the net amount of water passing to 
this side will therefore be greater and the solu- 
tion here is said to be hypertonic The weaker 
solution from which there is a net transference 
of water is termed hypotonic 

In physiology these terms are used most 
commonly to indicate the osmotic activity of a 
solution as compared with that of the body 
fluids For example, excised organs or sections 
of tissue upon which experiments are to be 
performed are kept moist and viable by a sa- 
line solution isotonic with the tissue fluid 
Shrinkage of the cells through the loss of water 
(as would result from the use of a hypertonic 
solution) or swelling by endosmosis (as would 
occur if the solution were hypotonic) is thus 
avoided Similarly, in order to prevent either 
shrinkage or swelling of the red blood cells, 
they must be suspended in a solution, such as 
plasma, that is isotonic with the fluid in their 
interiors This subject is reviewed in chapter 6 
of this section 

The other important factor in the inter- 
change of fluid between the blood and the in- 
terstitial (and hence, the intracellular) fluid is 
the hydrostatic pressure within the capillaries, 
1 e , the intracapillary blood pressure and its 
relation to the pressure in the tissue around 
these small vessels The concept that fluid 
exchange across capillary membranes is gov- 
erned by the net difference between the os- 
motic and the hydrostatic pressures is known 
as the Starling (1896) hypothesis or principle. 


THE RELATION OF OSMOTIC TO 
HYDROSTATIC PRESSURE ACROSS THE 
CAPILLARY MEMBRANE 

The walls of the capillaries (generally 
throughout the body, as already mentioned) 
permit the free passage of water and sub 
stances of small molecular size dissolved in the 
plasma, e g , glucose, inorganic salts, urea, etc 
But, the capillary wall is relatively imperme 
able to the larger molecules such as the plasma 
proteins, the presence of which is responsible 
for the difference in osmotic pressure on the 
two sides of the capillary membrane It is 
important to recognize that some protein mol 
ecules do penetrate capillary membranes 
Since the albumin has the smallest molecule of 
the three plasma proteins, it escapes through 
the vessel in relatively greater amounts than 
do the globulin and fibrinogen fractions By 
the use of labeled albumin, it has been 
found that the amount of plasma protein 
passing through the capillary wall into the in- 
terstitial fluid is considerable, amounting to 
more than the total protein of plasma each 
day The rate of return of protein from inter 
stitial fluid is very important in the mainte- 
nance of plasma protein levels The lymphatic 
system plays a major role in this return (chap 
9) 

The manner m which osmotic and hydro 
static pressures act in regulating the inter- 
change of fluids between the tissues and the 
muscles may now be seen The blood at the 
arterial end of a capillary has a pressure, let us 
say, of 30 mm Hg (this is an arbitrary figure 
and will vary according to the activity of the 
part) This is a force driving the water and the 
dissolved crystalloids through the capillary 
membrane But the hydrostatic pressure of the 
tissue fluid on the outer side of the membrane 
offsets, in part, that within The pressure of 
fluid in the tissue spaces is difficult to deter- 
mine but it IS considerably less than that m 
the capillaries It probably varies considerably 
in different regions, being low in those con- 
taining much loose areolar tissue But for illus- 
tration let it be assumed to be 10 mm Hg 
The hydrostatic pressure, therefore, which is 
effective in forcing fluid out of the vessel (fil- 
tration pressure) is only the difference between 
the pressure within and that on the outside of 
the vessel, namely, 20 mm Hg But the os- 
motic pressures of the plasma and tissue fluids 
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must be taken into account In r)ia‘'n"a u 
amounts to about 25 mm The ti-uc iViA.- 
ha\e a lo\^er protein luntert and tonseq je»^tK 
a io\’ter osmotic p’-e^surc The Utter amourt^ 
to about 15 mm Hs? Owing to this dl^pa^t\ oi 
10 mm Hg bet\veen the osmcstic pressure-s oi 
plasma and tissue fluid, there be a net 

tranference of vcater and diffU'^ible sub-tance.^ 
inwards across the capillarv membrane si -.uch 
transference were unoppc^sed b\ am tether 
force But a net hydrostatic pressure 2b mm 
Hg IS set against it at the artenal end ot the 
capillary^ lea\mg a balance amounting to 10 
mm Hg which ser\es to filter water, salt^, 
etc , and a little protein out oi the plasma 
Now as the blood flows rather slowly through 
the capillary^ and loses water m this way by fd- 
tration, the protein concentration and conse- 
quently its osmotic activiU, rises Coinci- 
dently with the progressive rise in osmotic ac- 
tivity the hydrostatic pressure declines, until 
at the venous end of the capillaw there may be 
a balance of net osmotic pressure over net 
hydrostatic pressure Water accompanied by 
freely diffusible matenals is therefore absorbed 
into the circulation This picture of filtration 
at the arterial end of the capillary and absorp- 
tion at the venous end is going on continually 
at the periphery of the vascular bed But it is 
subject to considerable variation, not only m 
the same capillary from time to time but in 
different parts of the peripheral circulation at 
any moment As explained m chapter 9, when 
a tissue IS active most of the water that es- 

Table425 


Pressures that move fluid 


Blood 


Tissue Fluid 

Hydrostatic pressure 


Hydrostatic pressure 

30 mm Hg 


10 mm Hg 

Effective hydrostatic 



pressure 

1 


20 mm Hg 

& 


Osmotic pressure 

iS 

Osmotic pressure 

25 mm Hg 

a 

<« 

15 mm Hg 

Effective osmotic 

o 


pressure 



10 mm Hg 




“ Driving force 10 mm Hg (20 ™ 10) 


(apes trorz h ’"eCur^ed to the circu 

lati V Li the 'vmphatii^ 

As the blofd through the capdiary as a 
result of the pa’^sage rd water (fut wards there 
i cur sequent ^^e m the coiKentralKun fit pro 
te^n Moreove'* tne metihfTc professes m the 
ti-sues b^rg aD charge^, whereby larger 
moiecules are be ng broken dciwn info ^mailer 
onev taher molecules are remcAed or built up 
intf; larger ones in this way alterations in 
raulecutar concentration^ and m the ditius?- 
Oilitv ui the const tuents ot the tissue fluids 
with cimsequent variations in nsmotic relation- 
ships are occurring cea^eles^k The actual 
exchange of water across the capiilarv wall is 
rapid Studies with deuterium and tntium- 
iabeled water indicate that in 1 mm an 
amount equal to tne total plasma water is ex- 
changed 

Under any circumstance m which the blood 
volume IS increased or diminished, either the 
hydrostatic pressure or the osmotic pressure or 
both are altered, and it is through such 
changes that the blood fluid tends to be re- 
stored automatically to Its previous level After 
hemorrhage, for example, the hydrostatic pres- 
sure IS lowered in the capillary^ area but the 
osmotic pressure is unchanged Fluid will 
therefore be absorbed from the tissue spaces 
Moreover constriction of the capillaries tends 
to reduce, dilation to increase the capillary 
pressure Therefore, the eapillaty constriction 
which follows a severe hemorrhage will slow 
the filtration rate at the artenal end of the 
capillaty and increase absorption of interstitial 
fluid at the venous end Again, when water is 
drawn from the blood, m consequence of ex- 
cessive loss of fluid by the kidney, sweat 
glands, or bowels, concentration of the plasma 
proteins will result The increased osmotic 
pressure of the plasma will then hasten the 
rate of absorption from the tissues The intra- 
venous injection of large quantities of isotonic 
saline, on the other hand, will have the twofold 
effect of diluting the colloids and temporanly 
increasing the hydrostatic pressure The excess 
fluid m consequence is rapidly eliminated 
from the blood stream into the tissues and 
later through the kidney and bowels 
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STRUCTURE OF THE HUMAN KIDNEY 

The functional unit oi the kidney is the 
nephron |Fig 5 ll, each kidney being com- 
posed of approximately one million such units 
The nephron begins at a blind end enclosing a 
leash of capillaries In this structure, knoi^n as 
the glomerulus {renal corpuscle, Malpighian 
corpuscle), urine formation begins bv the sepa- 
ration, from the blood perfusing the glomerular 
capillaries, of an essentially protein-free fil- 
trate of plasma The glomerular space or 
Bowman's capsule is continuous with the 
lumen of the renal tubule, a long coiled struc- 
ture structurally and hinctionally divisible into 
three segments proximal convoluted tubule 
loop of Henle, and distal convoluted tubule 
The nephron as an individual unit ends with 
the distal convoluted tubule, but groups of 
distal convoluted tubules empty into a senes 
of collecting tubules, which in turn coalesce to 
form collecting ducts The collecting ducts m 
turn empty into the short papillary ducts of 
Bellini which open into the renal calyces at the 
tips of the papillae 

The glomerulus consists of a leash of capil- 
laries interconnected by short anastamotic 
channels These capillaries are mvagmated 
into and covered on their outer surfaces by the 
visceral layer of the epithelium of Bowman's 
capsule Tins layer of flattened cells is contm- 
uous with the parietal layer of epithelium and 
with the lining cells of the renal tubules Blood 
enters the glomerulus from the diort afferent 
arteriole, and the coalescence of the glomerular 
capillaries forms the efferent arteriole, the 
glomerular capillaries are thus unique m being 
interposed between two arteriole. The glomer- 
ulus averages about 200 fim in diameter and the 
total surface of glomerular capillaries in the 
two human kidneys is estimated to be abmit 
ij The glomeruli are found only in the 
cortex, 

TUm proximal ixmvolu^ tubule m a tor- 
tumm structure averaging aimt p h diam- 


eter and 14 mm m lencth It lies in ihe renal 
cc^rtex usualh m close prf«imd\ to the glo- 
merulus to which it IS conioined It is lined 
with a single layer of cuboidal celh, each mter- 
digitated with the adfoinmg cells m a highiv 
complex manner The border facing the tubule 
lumen is characterized and distinguished from 
that of other segments by delicate vilhtorm 
projections which constitute what is known as 
the brush border The terminal p<jrtion of the 
proximal tubule becomes straight and dips 
toward the medulla to become the loop of 
Henle 

The loop of Henle commences with a de- 
scending limb which dips down into the me- 
dulla As it does so, the cuboidal cells are sud- 
denly replaced by the flattened cells of the 
thin segment The loop penetrates into the 
medulla for a varying distance, the depth de- 
pending upon the location of the glomerulus 
from which the tubule is derived Those loops 
derived from tubules with glomeruli situated 
near the surface of the kidney penetrate only a 
short distance into the medulla before turning 
back toward the cortex, those arising from 
tubules with glomeruli close to the corticome- 
dullary junction {juxtameduUary glomeruli) 
penetrate deeply to near the tip of the papilla 
before turning back The first part of the as- 
cending limb does not differ in general appear- 
ance from the thin portion of the descending 
limb, but as ffie ascending limb reaches the 
outer medullary xone it widens and becomes 
lined with a cuboidal epithelium which con- 
tmues mto the distal tubule The tulmle con- 
tinues into the cortex and comes mto contact 
with the glomerulus from which it arcse, this 
contact being marked by a region of closely 
packed nuclei dwignated as the macula densa 

Tlie distal convoluted tubule may be de- 
fied aS' beginning at the macula densa Like 
the proximal tubule with which its loops are 
pnerally entwined, the distal convoluted tu- 
bule lies m the cortex It is distinguished by 
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5-4 THE EXCRETION OF 

tain substances from the peritubular blood and 
deposits them m the fluid within the lumen 
Thus, three individual processes, glomerular 
filtration, tubular reabsorption (from lumen to 
blood), and tubular secretion (from blood to 
lumen) are involved in the process of urine 
formation These three processes will be con- 
sidered in detail m subsequent sections 

GSome^uiar Filtration 

The idea that the glomerulus is a device for 
filtering fluid from the blood perfusing the 
glomerular capillaries goes back to Bowman 
who in 1842 first described the relationship of 
the glomerular capsule to the renal tubules 
Bowman believed that only the water of the 
urine was contributed by this filtration proc- 
ess, the solutes being added by secretion in the 
tubule Shortly thereafter Ludwig (1844) of- 
fered the view, which has since been amply 
confirmed, that the glomerulus acts as an ul- 
trafilter, separating from the plasma a solution 
which contains all of the solutes of plasma 
except the proteins and each at a concentra- 
tion identical to that in the plasma water ex- 
cept as modified by the absence of protein 
The cornerstones of the evidence mdicatmg 
that the glomerulus is indeed an ultrafilter 
were supplied by A N Richards and his asso- 
ciates who showed that the composition of 
fluid collected from glomeruli in amphibians 
was, with respect to an extensive list of con- 
stituents, that required of a plasma ultrafil- 
trate The studies were later extended, with 
respect to a limited number of substances, to 
fluid collected directly from mammalian glo- 
meruli by Walker and co-workers (1941) In 
addition it was shown that the hydrostatic 
pressure in the glomerular capillaries is suffi- 
cient to supply the driving force for the filtra- 
tion process 

VARIABLES THAT AFFECT FILTRATION 

As m the case of other capillary beds, and in 
accord with the Starling hypothesis, the rate of 
filtration through the walls of the glomerular 
capillaries is determined by a balance of forces 
favoring and opposing filtration The mam 
dnyhig force is the hydrostatic pressure — the 
intraoapillaiy Hood pressure (Pb) Opposing 
Slirsition fe fee osmotic pressure exerted by 
plltoaa proteins (-Tb) and the hydrostatic 
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pressure of the fluid in Bowman’s capsule (P , 
The rate of glomerular filtration (GFR) ma\ 
thus be expressed as 

GFR = if^([P, 

where is a constant relating net filtration 
pressure to filtration rate and thus related to 
the area and the permeability of the giomer 
ular capillary walls 

The glomerular capillaries differ from those 
of other capillary beds m being interposed 
between two arterioles, in maintaining a higher 
hydrostatic pressure, and in having a higher 
permeability Pappenheimer and his associates 
(1951) have estimated that the permeability of 
glomerular capillaries is approximately one 
hundred times that of the capillaries in the 
limbs (muscles), the difference is presumabh 
largely m the fraction of the total capillar} 
surface occupied by the pores through which 
filtration actually occurs The membrane 
which constitutes the significant filtration re 
sistance and which is penetrated by the pores 
of critical size is probably the capillary base 
ment membrane 

Some idea of the size of the pores can be 
obtained from the characteristics of those sol 
utes that are filtered through the glomerular 
capillary membrane as compared with those 
that are not The normal glomerular mem 
brane is virtually completely impermeable to 
the proteins of plasma The smallest of these, 
albumin, has a molecular weight of aboit 
70,000 and appears in the glomerular filtrate 
either not at all or at a very low concentration 
(less than 0 2 to 0 3% of its concentration m 
plasma) Recent measurements in sampla 
from the early part of the dog proximal tubufe 
indicate that the concentration is usually 1« 
than 5 mg/100 ml Hemoglobin (molecute 
weight 68,000), on the other hand, is excreted 
at a rate which would indicate that it appears 
m glomerular filtrate at a concentration ecpml 
to about 5% of its concentration in the plasmi* 
(The concentration referred to is that 
combined, in the plasma, with larger protam 
molecules.) The hemoglobin molecule is 
what less elongated than the albumm mete- 
cule, but the difference is relatively smaH fc 
any case, it is clear that the pores in the 
merular membranes cannot be far removed to 
size from the dimensions of these molecule 

Also pertinent is the passage through 
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glomerular membrane oJ ce’*^ .m 
rides Most imDortant amoru^ '"'e-e n\i ^ a 
polymer of fructose which ha^^ lou'-^n u 
role m the stud\ of renal iunc^i(»^ 
uiar weight is usually estimated n. Ot "i so o / 
different mulm molecules pnjbuoh. d tier m 
size, some being smaller, otner=^ Ir ad 

dition the molecule is greatK elon-mred a 
characteristic which reduce^ its cmnusdvlo^, 
and filtrabiiity compared to a compart 
cule of the same molecular weight Ne\ertne 
less, the glomeraiar membrane apoears tnu^ier 
no hindrance to the passage mu {in, and its 
concentration m glomerular tntrate is the 
same as m the plasma from winch the iidrate 
IS deri\ed Dextrans I poh saccharides com- 
posed of glucose) of a molecular weight ap- 
proximately equal to that ot malm ha\e Deer 
found to pass the glomerular membrane IreeK, 
but their passage is progressn ely restricted as 
their molecular w^eight increases and those 
with molecular weights abo\e 55,000 do not 
appear in the urine from normal kidneys u e , 
kidneys producing protem-iree urine) (Wailen- 
ms, 1954) 

Although different theoretical treatments 
will yield different dimensions for the size of 
the pores m the glomerular membrane, the 
permeability can be interpreted as attributable 
to pores approximately 100 A m diameter 

Equation (1) mdicates that glomerular filtra- 
tion IS a function of three variables as well as 
the area and permeability of the glomerular 
membrane It is important to consider the pos- 
sible contribution of changes in each of these 
to the physiological regulation of giomemiar 
filtration 

The Glomerular Membrane I) Permea- 
bility. The permeability of the glomerular 
membrane per unit of functioning surface is 
presumably fixed by its anatomical nature and 
not subject to physiological variation Al- 
though changes do occur with disease, the ef- 
fect of change m permeability as opposed to 
change in effective filtering area is difficult to 
evaluate The diseased membrane may permit 
the passage of molecules larger than those 
which normally penetrate, but the predomi- 
nant effect appears to be a decreased permea- 
bility 

2) Area The effective area available for fil- 
tration depends upon the number of glomeruli 
active at any time and the number of func- 
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Capillary Blood Pressure The irajor 
lanaPle n reguiaLon ut the rate giomer- 
uUr filtration i* tiie orf-bari wither tre glo- 
rrerrtar tapuiar.es The pre^^ure at t\hich 
bloud enter'- '^ne aiierenr artenoies s mti much 
lower than that m the aorta, the decrea^^e m 
Dressure between aorta and gkmierular capil- 
laries largely deternninecl by the resistance of 
the aiferent arterioles Ihus other factors 
remaining equal, constriction ot the afferent 
arterioles will decrease and dilatation will in- 
crease glomerular nitration The effect oi 
changes m the caliber of the efferent \esseis is 
m general the cuncerse oi parallel changes in 
the afferent ces&eis 

It IS to be noted that it is the pressure not 
the blood or plasma fioii, m the glomerular 
capillaries which determines glomeraiar filtra- 
tion rate Thus the rate of glomerular filtration 
need not bear any particular relationship to 
the cardiac output A low lecel of cardiac 
output IS, at least m theory, quite compatible 
with a normal rate oi filtration provided this 
output IS sufficient to maintain a normal blood 
pressure and provided that renal casocon- 
stnction IS not a part of the general \asocon- 
stnction necessary to maintain the normal ar- 
terial pressure 

Although the renal nerves play a role in the 
regulation oi the renal arteriolar resistances 
and thus in the maintenance of a stable rate of 
glomerular filtration (and, particularly m man, 
this function is maintained at a remarkable 
constant level under normal conditions), the 
nerves are not essential to this stability The 
kidney even when totally isolated, shows oniv 
slight changes m glomerular filtration rate 
(and blood flow) as perfusion pressure is varied 
over a wide range This process, frequently 
designated by the term autoreguiation, has at- 



tracted considerable interest among physiolo- 
gists It IS probably attributable to sponta- 
neous adjustments of the arteriolar resistances 

Intracapsular Hydrostatic Pressure (Pc) 
Under ordinary conditions variations in the 
pressure within Bowman's capsule probably^ 
contribute little to changing glomerular filtra- 
tion rate With ureteral obstruction this pres- 
sure may rise until the rate of filtration is re- 
duced to negligible levels, but such obstruction 
does not, of course, occur under normal cir- 
cumstances It IS also likely that in the ex- 
tremes of solute diuresis produced experimen- 
tally, the pressure required to drive the greatly 
increased flow of urine against the resistance 
offered by the tubules may be sufficient to 
reduce filtration 

Colloid Osmotic Pressure of the Plasma 
Proteins (ttc) The osmotic effect of the 
plasma proteins is the equivalent of a hydro- 
static pressure of some 25 to 30 mm Hg op- 
posed to glomerular filtration Glomerular fil- 
tration must, therefore, cease when the net 
hydrostatic pressure across the capillary mem- 
brane falls to this level Although this osmotic 
effect is large enough for changes to exert ap- 
preciable effects on net filtration pressure, it is 
doubtful whether such changes contribute sig- 
nificantly to the physiological regulation of 
glomerular filtration Experimentally, it can be 
shown that sudden dilution of the plasma pro- 
teins by the administration of isotonic sodium 
chloride solution produces an increase m glo- 
merular filtration and urine flow (dilution di- 
uresis) but the changes are small compared to 
those which can be produced experimentally in 
other ways 

MEASUREMENT OF GLOMERULAR 
FILTRATION RATE 

The difference between the rate at which a 
substance is filtered at the glomeruli and the 
rate at which it is excreted m the urine repre- 
sents the rate at which the substance is re- 
moved from or added to the urine as the latter 
traverses the renal tubules The rate at which a 
substance is filtered is given by the product of 
its concentration in the plasma (or more accu- 
rately, the concentration of unbound substance 
m the plasma water) and the rate of formation 
of glomerular filtrate The rate of excretion is 
easily determined as the product of urine flow 
and the concentration m the urine of the sub- 
stance m question Thus the measurement of 
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glomerular filtration rate plays a central rok 
not only in the evaluation of glomerular tiltra 
tion itself, but m the assessment of the proc 
esses of reabsorption and secretion as well 
The rate of glomerular filtration can be de 
termined if there is some substance which h 
neither reabsorbed nor secreted by the tubules 
and if the concentration of this substance ir 
the glomerular filtrate can be deduced from it> 
concentration in the plasma If a substance 
neither reabsorbed nor secreted as the urine 
flows through the tubules, then, in the stead\ 
state, the rate of excretion of the substance 
must be the same as the rate at which it is fii 
tered Given the rate at which the substance h 
filtered and its concentration m the filtrate 
the volume of the filtrate can be calculated 
For example, consider some substance X 
which we will assume has the requisite charac 
tenstics of 1) being freely filterable at the glo 
meruli, 2) being neither reabsorbed from nor 
excreted into the tubule lumen Suppose we 
measure the flow of urine over a 10-min pe- 
riod during which 20 ml of urine are collected 
to yield a flow (V) of 2 ml /min 

The concentration (Ux) of substance X m 
the urine is determined and found to be 120 
mg /ml 

The rate of excretion, then, is given by the 
product of flow and concentration 

UxV = 120 mg /ml x 2 ml /mm = 240 mg /mm 

Since for substances which are neither reab- 
sorbed nor secreted the rate of excretion is 
equal to the rate of filtration, the rate of filtra 
tion of substance X is also 240 mg /mm But 
the rate of filtration of a substance is equal to 
the product of the rate of formation of filtrate 
(GFR) times the concentration of the sub 
stance in the filtrate which, m this case, is de 
fined above as being the same as the concen 
tration in the plasma (Px) Assume the concen 
tration m the plasma m this case is deter 
mined and found to be 2 mg /ml 
Thus, the rate of filtration of X is the 
product GFR Px = UxV and 

GFR = — = 240 mg /min ^ ml /mm 
Px 2 mg /ml 

The desirability, for the evaluation of renal 
function, of a substance which fulfills the cri 
teria for measuring glomerular filtration is 
apparent It is generally accepted that mulin, a 
starchlike polymer of fructose obtained from 
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dahlia tubers, has the requisite characteristics 
and can be used for the measurement of glo- 
merular filtration m all vertebrates including 
man (Shannon, 1935, Shannon and Smith, 
1935, Richards, et al , 1938) 

Use of the Term Clearance The expression 
UxV/Px denotes a quantity which is generally 
referred to as the clearance of substance X and 
abbreviated Cx As can be seen, it is the 
volume of plasma needed each minute to 
supply the substance in question at the rate at 
which it is excreted in the urme It is thus a 
measure of the efficiency of the kidney in the 
excretion of a particular substance, the larger 
the value of its clearance, the more effectively 
it is excreted The term is derived from the 
fact that one may consider the clearance to be 
that volume of plasma which completely yields 
its content for excretion and is thus cleared of 
the particular substance each minute Some 
confusion arises when the latter concept of 
clearance is used since the volume cleared of a 
particular substance is usually virtual rather 
than real The same clearance is obtained if 50 
ml of plasma yield all of their content, if 100 
ml lose half or 200 ml yield one-fourth 
The clearance of a substance such as inulin 
IS the volume flow of glomerular filtrate By 
comparison of the clearance of any other sub- 
stance with that of inulin we may infer the 
nature of the processes involved in its excre- 
tion If it is filtered but neither reabsorbed nor 
excreted by the tubules, its clearance must be 
identical with that of mulin If its clearance is 
lower, it must be reabsorbed from the tubules, 
if higher, it must be secreted by them 
Thus, if Px is the concentration of X filter- 
able in the plasma, Tx the amount of X which 
IS secreted into or reabsorbed from the tubule 
each minute and Cm the mulin clearance 
taken as equal to the rate of formation of glo- 
merular filtrate, then, 

CinPx = filtered X 

CinPx + Tx = excreted X = UxV 

(where Tx will have a negative value if X is 
reabsorbed from the tubules) 

Then 

Cm + (Tx/Px) = UxV/Px = Cx (2) 

It can be seen from equation (2) that if for 
any reason the capacity of the tubule (T^) to 
reabsorb or secrete a particular substance is 
limited, the clearance of that substance will 


approach the rate of glomerular filtration as 
the plasma concentration is progressively in- 
creased, since as Px approaches infinity, the 
term Tx/P* approaches zero It will be shown 
that this is the case with most substances 
transported by the renal tubules 

Rate of Glomerular Filtration in Man. 
The clearance of mulin in a man of average 
size under normal basal conditions (except for 
the water usually administered during the de- 
termination of such clearances) averages 
slightly in excess of 125 ml /minute It is cus- 
tomary, m order to compare individuals of 
varying size, to normalize the clearance values 
by “correcting” them to what is generally con- 
sidered an average normal value of body sur- 
face area, 1 73 m ^ Women have glomerular 
filtration rates some 10% lower than those 
found in men even after “correction” to the 
same value of surface area 

The large value for the rate of formation of 
glomerular filtrate emphasizes the similarly 
great magnitude of many of the processes of 
reabsorption carried on by the renal tubules 
Thus, if we assume that the rate of 125 
ml /min is mamtained throughout the day we 
may calculate that some 7 5 liters are filtered 
each hour or 180 liters/day in an individual of 
normal size Since ordmarily such an mdi- 
vidual will excrete only a liter or two of urine 
in a day, it is clear that an amount ap- 
proaching 180 liters is also reabsorbed The 
total body water of a 70 kg man is of the order 
of 45 liters, so that on the average all of the 
body water is filtered into the renal tubules 
and reabsorbed four times each day On the 
same basis we may calculate that the extracel- 
lular fluid (approximately 12 liters) is filtered 
and reabsorbed some 15 times/day, the plasma 
volume (roughly 3 liters) some 60 times 

We may further multiply this volume by its 
content of the various filtrable solutes of 
plasma to estimate the amounts of these fil- 
tered and by comparison with the amounts 
excreted in the urme, calculate the amounts of 
each reabsorbed Illustrative data are indicated 
m Table 5 1. It is apparent from this table that 
very large quantities are turned over by the 
kidney each day and that only a small per- 
centage departure from normal m the process 
of reabsorption could result in very large 
changes in excretion. 

Other Measures of Glomerular Filtration. 

In man, except for mulin, no substance has 
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Table 5 1 

Filtration reabsorption and excretion of certain normal constituents of plasma i 



Filtered/24 hr 

Excreted/24 hr ° 

Reabsorbed/24 hr 


g 

mEq or 
mmoles 

g 

mEq or 
mmoles 

g 

mEq or 
mmoles 

Sodium 

40 

24,500 

33 

150 

537 

24,350 

Chloride 

630 

17,850 

53 

150 

625 

17,700 

Bicarbonate 

300 

4,900 

03 

1 

300 

4,900 

Potassium 

28 

700 

39 

100 

24 

600 

Glucose 

140 

780 

0 

0 

140 

780 

Urea 

53 

870 

25 

410 

28 

460 

Creatinine 

14 

12 

14 

12 

0 

0 

Uric acid 

85 

50 

08 

5 

77 

45 


“ These are typical normal values Wide variation is found depending on diet 


been found which can be considered to give an 
accurate and reliable value for the rate of glo- 
merular filtration Approximations can be 
made using one of several substances, and such 
approximations are useful for comparative 
purposes but not for the evaluation of tubular 
reabsorptive and secretory processes Most 
commonly the creatinine clearance is used and 
gives a value, under most conditions, not too 
different from the clearance of mulin 

This is probably the result of compensating 
errors, smce creatinine is excreted into the 
lumen by the tubules of the human kidney It 
IS possible that it is also reabsorbed and in 
addition the methods usually used for deter- 
mining the concentration of creatinine m 
plasma are not specific and include small 
amounts of other substances which apparently 
are reabsorbed Under some conditions, partic- 
ularly in the presence of renal disease, the 
departure of the creatinine clearance from the 
rate of glomerular filtration may be consider- 
able 

Other substances which have been used to 
approximate the rate of glomerular filtration 
in man are certain hexitols (mannitol, sorbitol, 
dulcitol), particularly mannitol (Smith et al , 
1940) and allantoin The mannitol clearance is 
about 10% lower than the clearance of inulin, 
indicating that about 10% of the filtered man- 
nitol IS, on the average, reabsorbed (Berger et 
al , 1947) 

A fairly close approximation to the rate of 
glomerular filtration can be obtained through 
the use of vitamin B 12 labeled with radioactive 
cobalt Although vitamin B 12 is bound to 
plasma proteins, the binding capacity is rela- 
tively small and can be saturated by the ad- 
ministration of a moderately large dose of non- 


radioactive B 12 Consequently the bound be- 
comes a negligible fraction of the total plasma 
Bi 2 and, since there is no measurable reabsorp- 
tion or secretion of B 12 , the clearance is close 
to the filtration rate (Nelp et al , 1964) 

In many lower mammals, as well as in am- 
phibians, the creatinine clearance does not 
have the limitations which reduce its useful- 
ness in man The clearance of creatinine is, for 
practical purposes, identical with that of inulm 
in the dog, cat, and rabbit 

Tubular Reabsorption 

The quantitative importance of the process 
of reabsorption in the renal tubules has been 
indicated above by the magnitude of the 
amounts of material involved An under- 
standing of the nature of the mechanisms by 
which this reabsorption is effected is essential 
to a grasp of the function of the kidney 

MECHANISMS OF REABSORPTION 

The processes involved in tubular reabsorp- 
tion are divided into two categories, passive 
and active (Ussmg, 1949) 

Passive Reabsorption. It is clear that the 
volume of the urine is greatly reduced as it 
flows through the tubules If, in the course of 
this reduction m volume, some solute is re- 
tained in the lumen to a greater extent than 
water, its concentration will rise above that in 
the glomerular filtrate and above the concen- 
tration in the plasma and interstitial fluid 
which surround the tubules A concentration 
gradient for the substance is thus created be- 
tween the lumen and the environment of the 
tubule and, provided the tubule is permeable 
to some extent to the substance in question, it 
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will diffuse from the lumen of the tubule to 
interstitial fluid and blood This type ot 
process is designated by the term passive reab- 
sorption and is typified by the reabsorption of 
urea, the excretion of which will be considered 
in more detail later 

More generally, the movement of any sub- 
stance across a biological membrane (in this 
case the complex membrane is the renal tubule 
epithelium) is considered passive when it can 
be explained entirely by gradients of concen- 
tration and/or (m the case of charged particles) 
gradients of electrical potential In such a con- 
text, the movement of urea is a passive process 
requiring no mechanism in the tubule cells 
specific for urea and no expenditure of energy 
by the tubule cells for the movement of urea 
itself However, it should be noted that work 
must be done to raise the urea concentration 
so that it may diffuse out passively It will be 
shown that in this instance the primary active 
process is the removal of salt from the lumen 
by the activity of the tubule cells, the move- 
ment of water is the passive consequence of 
the transport of salt and the movement of urea 
IS in turn secondary to the movement of water 

Active Reabsorption The reabsorption of 
many substances from the renal tubules 
cannot be explained by gradients of concentra- 
tion or electrical potential The process in- 
volved in the movement of these solutes is des- 
ignated as active reabsorption The best known 
and possibly simplest example of an active 
reabsorptive process is probably that for glu- 
cose A consideration of glucose reabsorption 
will illustrate the characteristics of these 
mechanisms 

ACTIVE REABSORPTION THE 
REABSORPTION OF GLUCOSE 

Under normal conditions approximately 100 
mg of glucose are filtered at the glomerulus 
each minute Of this, none but the merest 
trace is excreted in the urine Clearly, the 
transport of glucose is effected against a con- 
centration gradient and, since glucose carries 
no electrical charge, its transport is, by defini- 
tion, active 

If the concentration of glucose in the plasma 
is progressively increased, it is found that, for 
a time, the urine re mams free of glucose How- 
ever, when a sufficiently high plasma glucose 
concentration is reached, glucose appears in 
the urine in appreciable quantities Further 


increments in plasma glucose concentration 
are then accompanied by proportional incre- 
ments of glucose excretion The basis for the 
relationship of plasma glucose concentration 
and glucose excretion becomes clear when the 
glomerular and tubular events are analvzed by 
the simultaneous determination of glomerular 
filtration rate (mulin clearance) From the 
product of mulin clearance and plasma glucose 
concentration,^ the filtered glucose is calcu- 
lated, the difference betw^een filtered and ex- 
creted glucose is the amount reabsorbed It is 
then found that as the plasma glucose concen- 
tration increases (the filtered glucose of 
course, increasing proportionately) the reab- 
sorbed glucose increases remaining equal to 
the filtered, until a limiting value of glucose 
reabsorption is reached As the filtered glucose 
increases beyond this level there is no further 
increase in glucose reabsorption and the excess 
glucose is excreted m the urine (Shannon & 
Fisher 1938) These relationships are illus- 
trated in Figure 5 3 The relationship among 
the v'-arious quantities is expressed b> the 
equation 

UgV = CinPc - Tg 

where T represents the amount reabsorbed per 
minute from the tubule and the subscripts G 
and In refer to glucose and mulin respectively 

Tg IS seen to increase, remaining equal to 
the filtered glucose (frequently referred to as 
the load or filtered load), until Tg reaches a 
maximum This maximum, which represents 
the capacity of the tubules to transport glu- 
cose, IS conventionally designated as the glu- 
cose Tm or Tmc The existence of such a lim- 
ited capacity subject to saturation is a charac- 
teristic feature of active transport processes 
and is one of the criteria by which they may be 
identified 

The limitation which characterizes the 
transport mechanism involved in glucose reab- 
sorption and other similar mechanisms is be- 
lieved to derive from the involvement of a 
“carrier” in the process In this view, the tu- 
bule cell membrane is virtually impermeable 
to glucose in the free state However, the 

^ In determining the amount filtered in the case ot 
substances, such as glucose, which are rapidly me- 
tabolized by the tissues, it is important to measure 
the arterial plasma concentration, since the venous 
concentration may be appreciably lower and since it 
is arterial plasma from which glomerular filtrate is 
derived 
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Fig 5 3 Diagramatic and idealized representation 
of the relationship among filtration reabsorption and 
excretion of glucose The figures are calculated on the 
assumption that glomerular filtration rate was 100 ml 
per minute 

membrane contains certain molecules which 
can combine reversibly with glucose, and in 
this state the glucose, now in combination with 
its carrier, is able to penetrate the membrane 
Having reached the inside of the tubule cell, 
the carrier-glucose complex dissociates re- 
leasing free glucose which, we may assume, is 
free to diffuse out of the cell into the peritu- 
bular fluid and blood The carrier is then avail- 
able to repeat the process 
The reactions involved may be represented 

( 1 ) ( 2 ) 

A + B^AB^4t + B 

where A is glucose in the tubule lumen, B the 
carrier, AB the glucose-carrier complex and T 
the glucose which has been transported (e g , 
into the tubule cell) Some step m the process 
requires an input of energy since the expendi- 
ture of energy is necessary to drive the reac- 
tion “uphill” from the low concentration in the 
lumen to the higher one in the cell This en- 
ergy might be involved in driving reaction (2) 
or possibly the carrier might be modified m 
the transport process and require activation 
before it can again combine with glucose in the 
lumen. When the mechanism is saturated, all 
the carrier is interpreted as in the combined 
state AB and the maximum rate of transport 
(Tm) reflects the total amount of carrier in the 
tubule cells and the rate constant for the disso- 
ciation of AB to yield B and T Although, the- 
oretically, the rate of such transport processes 
could be limited by the amount of energy 
available to drive them, there is no evidence 
that this actually occurs, and the same tubule 
ceils are able simultaneously to carry out the 
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transport of a number of solutes among which 
there is no mutual interference 

Although the existence of carriers with the 
properties described is fairly generally ac- 
cepted, it should be noted that none has ever 
been isolated or identified chemically The 
interaction between earner and transported 
substance may be considered analogous to that 
between an enzyme and its substrate, in fact 
the reactions suggested above correspond to 
those to which the kinetic behavior of enzy- 
matic reactions is attributed Transport reac- 
tions also show certain other characteristics of 
enzymatic reactions, particularly in be mg sub- 
ject to inhibition, both competitive and non- 
competitive 

The glucose transport mechanism is fairly 
specifically inhibited by the glycoside, phlor- 
izin. The administration of this inhibitor m 
adequate dosage completely abolishes glucose 
transport so that the clearance of glucose be- 
comes equal to the glomerular filtration rate 
This property is also shared by the glycoside of 
the adrenocortical steroid, desoxycorti- 
costerone Several monosaccharides (e g , xy- 
lose, fructose, and galactose) are reabsorbed to 
some extent apparently by the same transport 
mechanism responsible for the reabsorption of 
glucose, and their reabsorption is also mhib- 
ited by phlorizin 

Micropuncture studies have clearly shown 
that the reabsorption of glucose occurs high in 
the proximal convoluted tubule and that when 
the plasma glucose concentration is normal the 
glucose has largely been removed before the 
urine reaches the middle of the proximal tu- 
bule (Fig 5 4) 

In human beings, the normal capacity to 
reabsorb glucose (glucose T^) averages approx- 
imately 375 and 300 mg /mm /I 73 m ^ of body 
surface area in men and women, respectively 
K we compare the capacity to reabsorb glucose 
with the rate of glomerular filtration we may 
deduce what concentration of glucose in the 
plasma would be required to yield enough fil- 
tered glucose to saturate the glucose Tm Since 
the average normal rate of glomerular filtra- 
tion IS 125 ml /mm it is apparent that a 
plasma glucose concentration of 3 rag /ml or 
300 mg /lOO ml is required to yield a filtered 
load equal to reabsorptive capacity of 375 
mg./min. From the idealized and oversimpli- 
fied diagram of excretion and reabsorption 
versus load plotted in Figure 5.3 it would be 
predicted that no glucose should appear in the 
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urine until the plasma glucose is 300 mg /lOO 
ml , at that point, filtered load should be ex> 
actly equal to reabsorptive capacity and reab- 
sorptive capacity should be fully saturated 
Further increases m plasma glucose should 
give no increase in glucose reabsorption In 
actual practice this is not the case In Figure 
5 5 IS reproduced the observed relationship 
between plasma glucose (filtered glucose) and 
excretion and reabsorption in normal man It 
IS seen that glucose begins to appear in the 
urine when the filtered glucose is only about 
three-fourths of the capacity of the tubules to 
reabsorb and that the reabsorption does not 
reach its maximum rate until the amount fil- 
tered IS some 50% greater than this maximum 

The departure from the idealized relation- 
ship is due to two factors Two assumptions 
are implicit in the construction of the ideal- 
ized relationship, and neither is completely 
valid 1) each tubule reabsorbs all the glucose 
presented to it until its capacity is fully satu- 
rated, and none of the filtered glucose escapes 
reabsorption until saturation is achieved, and 
2) all of the tubules are functionally identical 
so that the kidney may be looked upon as a 
smgle nephron We may now consider why 
these assumptions are valid only as first ap- 
proximations 

The hypothetical basis of transport m terms 
of the formation of a substrate-carrier complex 
was presented above The initial reaction is 
visualized as the reversible formation of the 
complex 

A -H B ^ AB 

If we write the mass action expression for 
this reaction, we obtain 

K = [A][B]/[AB] 

where the brackets signify concentration and 
K IS the dissociation constant for the sub- 
strate-carrier complex The smaller the value 
of K, the greater the affinity of the carrier for 
the transported substance 

It IS apparent from this that the residual 
(unreabsorbed) substrate will be very small 
only 1) if the value of K is very small or 2) 
when there remams an appreciable concentra- 
tion of unsaturated carrier (B) Conversely 
(once the total A available is equal to the total 
transport capacity) there will be negligible 
unutilized transport capacity only 1) when K 
is very small or 2) when there remains a con- 
siderable amount of unreabsorbed substrate. 
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Fig 5 4 Chart showing concentration ratios of 
glucose between blood plasma and fluid collected from 
glomeruli and proximal tubules Sites of fluid collection 
can be identified by reference to the diagrammatic 
tubule {top) From Walker et al 1941 


Thus, the relationship will approach the ideal 
as the value of K becomes infinitely small and 
for any finite value of K there will be some 
departure from the ideal (Fig 5 3) Actually 
among the various substances actively reab- 
sorbed by the renal tubules there are varying 
degrees of departure from ideality presumably 
reflecting differences in the value of K The 
departure from ideality m the case of glucose 
is small compared to that for many other sub- 
stances, suggesting a low value for the disso- 
ciation of the glucose-carrier complex 

The type of relationship plotted in Figure 
5 5 IS commonly referred to as a titration 
curve, and the departure from the sharp break 
of the ideal relationship is called the splay of 
the titration curve 

The nephrons are clearly not all identical 
nor is its reasonable to expect them to be so 
The heterogeneity of the nephron population 
which IS pertinent to the shape of reabsorptive 
titration curves is heterogeneity of what is 
called glomerulotubular balance, that is, the 
relationship between the filtering capacity of 
the glomerulus and the reabsorptive capacity 
of the tubule attached to that particular glo- 
merulus Thus if we deal with a tubule with an 
average capacity to reabsorb glucose but a fil- 
tration rate of twice the average, it will be- 
come saturated with glucose when the plasma 
glucose concentration is only half that required 
to saturate the average nephron Conversely 
nephrons with small glomerular filtering ca- 
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Fig 5 5 Titration of the capacity to reabsorb glu- 
cose Based on average data from 10 normal in- 
dividuals The ordinate (T/Tm ) is the ratio of glucose 
reabsorbed at a particular value of filtered glucose to 
the maximum capacity to reabsorb glucose in the same 
individual It is thus the fractional saturation of glucose 
reabsorptive capacity The abscissa (load/Tm) is the 
amount of glucose available for reabsorption again 
related to the capacity of the individual to reabsorb 
glucose 

The frequency distribution curve shows the proportion 
of nephrons having various ratios (r) of filtration rate to 
reabsorptive capacity as related to the average of this 
ratio (/?) for the two kidneys as a unit 

The data are those of Smith Goldring Chasis Ranges 
and Bradley 1943 

pacity and large reabsorptive capacity will 
become saturated only when the plasma glu- 
cose IS much higher than that which would 
saturate the average nephron 

The titration curve in Figure 5 5 can be ana- 
lyzed to yield the distribution of glomerular 
activity in relation to glucose reabsorptive 
capacity if it is assumed that the titration 
curve in each individual nephron is ideal (that 
IS, if the kinetic contribution to splay is disre- 
garded). What is obtained is a distribution of 
the ratios of filtration to reabsorption for the 
nephron population as these ratios relate to 
the average ratio for the kidneys taken as a 
unit This distribution curve, included in 
Figure 5 5 indicates that in the normal human 
kidney no appreciable number of nephrons has 
a ratio of filtration to reabsorption of glucose 
departing more than 50% from the average 

The earlier literature on the physiology of 
the kidney divides substances which may ap- 
pear in the urine into threshold and no- 
threshold substances. A threshold substance 
was one which did not appear in the urine 
until its concentration in the blood exceeded 
some value, this value being designated as the 
renal threshold No-threshold substances were 
those which appeared m the urine at all con- 
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centrations m the plasma Clearly glucose (and 
most other substances actively reabsorbed by 
the tubules) would fall m the category of 
“threshold” substances However, with im- 
provements in the methods of study of renal 
function, this terminology has in large measure 
lost its usefulness, and it is greatly preferable 
to consider the specific mechanisms involved 
in the excretion of a particular substance and 
the quantitative aspects, formerly subsumed in 
the “threshold,” in terms of the rates of filtra- 
tion, reabsorption and secretion 

OTHER SUBSTANCES ACTIVELY 
REABSORBED BY THE TUBULES 

The reabsorption of glucose is the prototype 
of a number of reabsorptive processes which 
are qualitatively similar In several instances 
the site of reabsorption has been identified, 
and m each case the proximal tubule is the 
segment concerned It is probable that, except 
for those mechanisms involved m the move- 
ments of the more important monovalent elec- 
trolytes and water (these will be considered 
separately later), the active reabsorptive (and 
secretory) processes are confined to the prox- 
imal convoluted tubules 

The normal urine contains only traces of 
ammo acids although, of course, a number of 
ammo acids are present in plasma Several 
separate transport mechanisms are involved in 
their reabsorption (Pitts, 1944) The basic 
ammo acids arginine, lysine and histidine ap- 
pear to share the same mechanism since eleva- 
tion of the plasma concentration of any one 
depresses the reabsorption of the others (Beyer 
et al , 1947) Reabsorptive T^’s have been 
demonstrated for lysine and arginine but not 
for histidme, the reabsorption of which is still 
increasing at the highest levels produced ex- 
perimentally A second transport mechanism 
IS responsible for the reabsorption of leucine 
and isoleucme which compete, but the ca- 
pacity for reabsorption is so high that no T^i 
has been demonstrated Glycine appears to be 
reabsorbed by a separate mechanism which 
also is involved m the transport of proline and 
hydroxyprolme In those instances in whidi 
Tm’s have been demonstrated, there is consid- 
erable exoretion of the ammo acid when the 
reabsorptive capacity is far from saturated 
Presumably this represents a relatively h^i 
degree of dissociation of the carrier-substrate 
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complex Creatine is reabsorbed by a mecha- 
nism closely related to, if not identical with, 
that involved in glycine reabsorption 

Phosphate is reabsorbed by an active process 
which can be saturated on elevation of the 
plasma concentration The transport mecha- 
nism seems to be modified by a number of fac- 
tors (Pitts and Alexander, 1944) It is probable, 
that parathyroid hormone depresses the phos- 
phate transport system Acidosis increases 
phosphate excretion in part by what appears to 
be an increase in the splay of the titration 
curve 

Sulfate reabsorption is effected by a mecha- 
nism which becomes saturated with only a 
slight increase m the plasma concentration 
above the normal level (Lotspeich, 1947) The 
reabsorption of sulfate can be depressed by the 
administration of thiosulfate which competes 
for reabsorption by the same mechanism 

The study of uric acid reabsorption is com- 
plicated by the fact that uric acid is probably 
also secreted by the tubules (Gutman, et al , 
1959) The reabsorptive capacity for urate is 
far greater than the amount normally con- 
tained in the glomerular filtrate and it is 
therefore almost certain that this capacity is 
never saturated m the normal individual The 
source of the urate normally excreted in the 
urine is therefore somewhat uncertain, al- 
though it might be urate which escapes reab- 
sorption by virtue of the great splay m the 
reabsorptive titration curve, it is generally be- 
lieved that it represents urate secreted into the 
tubules by a secretory process of low capacity 
Whatever its role may be in regulating excre- 
tion under normal conditions, urate reabsorp- 
tion is remarkable for the number of sub- 
stances known to inhibit it and thereby to 
yield marked increases in urate excretion 
These inhibitors include other reabsorbed 
compounds, such as glycine, as well as a 
number of drugs which are best known for 
their ability to inhibit the secretion of organic 
anions by the tubules (e.g , cannamide, probe- 
necid, phenylbutazone) 

Among other substances actively reabsorbed 
by the tubules are ascorbic acid and betahy^ 
droxybutyric and acetoacetic acids 

Tubolar Secretion 

The processes by which materials are re- 
moved from the peritubular fluid and trans- 


ferred to the tubule lumen are designated by 
the term tubular secretion The term tubular 
excretion is often used synonymously In the 
present section the secretion of the monova- 
lent ions potassium, hydrogen and ammonium 
will be omitted, and the discussion will be 
concerned with the somewhat simpler trans- 
port processes involved m the secretion of cer- 
tain organic electrolytes 
The first substance for which tubular secre- 
tion was demonstrated was phenol red (phen- 
olsulfonphthalein, PSP) The critical experi- 
ment was that of Marshall and Vickers (1923), 
who showed that as much as 75% of the phenol 
red contained m the arterial blood could be 
removed as the blood traversed the kidney, 
whereas, because of a high degree of binding of 
phenol red to plasma proteins, only 20 to 25% 
of the phenol red in the arterial plasma is free 
and filterable Clearly, no matter what fraction 
of the plasma was converted to glomerular fil- 
trate, filtration alone could not account for the 
excretion of phenol red These experiments 
put an end to a prolonged controversy over the 
existence of tubular secretory processes 
A large number of substances are now recog- 
nized to be transported into the tubules by the 
same mechanism responsible for the secretion 
of phenol red Among these are hippuric acid 
and a variety of its lodo-, hydroxy-, and ammo 
derivatives (Smith et al , 1945), penicillin, 5- 
hydroxymdoleacetic acid (a metabolite of sero- 
tonin), a number of sulfonphthaleins in addi- 
tion to phenol red, several of the lodmated 
compounds that have been used for x-ray con- 
trast study (intravenous pyelography) of the 
unnary tract (Diodrast, lopax, Neoiopax, 
Skiodan) * Also, although their tubular secre- 
tion in man has not been identified, it has 
been shown that glucuronides and ethereal sul- 
fates are so transported in other animals, and 
the same is probably true in man It is notable 
that the list contains no normal constituents of 
the body, but under normal conditions it 
seems likely that the mechanism serves for the 
rapid excretion of the conjugates of ingested 
foreign substances, these conjugates being m 


* While the iodine is important for X-ray density, 
it IS not related to the susceptibility to transport 
which undoubtedly derives from the organic struc- 
tures to which the iodine is attached The first three 
of those mentioned are derivatives of pyridme-N- 
acetic acid, the last is an organic sulfate 
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the form of hippurates, glucuronides and sul- 
fates 

The tubular secretory process, which is also 
located m the proximal tubule, resembles 
those involved in reabsorption in many re- 
spects, except for the reversal of direction 

At low concentrations of the transported 
substance the mechanism is able to transport 
all of the material presented to it The most 
commonly studied substance, p-ammohippuric 
acid (PAH) may be used, as an example If 
PAH is administered intravenously m small 
amounts, so as to maintain a low concentra- 
tion in the arterial plasma, it is found that the 
blood leaving the kidney in the renal vein may 
be almost free of PAH An average of some 
90% of the PAH reaching the kidney in the 
plasma is removed Since some of the blood 
reaching the renal vein has probably perfused 
tissue which does not transport PAH, it is 
apparent that very little can be left over from 
that plasma which passes through the active 
areas This extremely effective extraction of 
PAH IS the basis of the use of this substance 
for the estimation of renal plasma flow which 
is considered below 

As the plasma concentration of the trans- 
ported substance is increased, the rate of tu- 
bular excretion increases until a maximum is 
reached and no further augmentation of secre- 
tion occurs The relationship between plasma 
PAH concentration and PAH excretion in the 
urine is illustrated in Figure 5 6 The dotted 
line passing through the intercept is the 
amount of PAH filtered at the glomeruli calcu- 
lated from the product of inulin clearance and 
the plasma concentration of free PAH (Since 
PAH is, to a small extent, bound to plasma 
albumin the total concentration must be cor- 
rected for this binding to obtam the filtered 
amount ) At every level of plasma PAH the 
rate of excretion exceeds the rate of filtration 

UpahV = CinP p Anf + TpAH 

where f is the fraction of the plasma PAH 
which is filterable. As the plasma PAH is m- 
creased, the rate of excretion at first mcreases 
sharply, the slope of the line relating excretion 
to plasma concentration being equal to the 
renal plasma flow. When the plasma concen- 
tration is further mcreased, the rate of excre- 
tion increases less rapidly, and it is found that 
the excess of excreted over filtered has become 
constant This excess represents the maximum 



Fig 5 6 Relationship between plasma concentra 
tion and filtered secreted and excreted amounts of a 
substance excreted by tubule secretion See text for 
details 

rate of tubular secretion and is designated as 

TmP AH 

If the rate of tubular secretion is determined 
by subtracting the filtered from the total ex- 
cretion the relationship shown in Figure 5 6 is 
obtained Agam, the actually observed titra- 
tion curve differs from the idealized intersec- 
tion of two straight lines and for reasons analo- 
gous to those involved in tubular reabsorption 
1) the dissociation of substrate-earner complex 
and 2) heterogeneity of nephron function The 
pertinent heterogeneity in this case, however, 
IS in the ratio of perfusion to transport ca- 
pacity since it IS blood supply, rather than 
glomerular filtration, which, along with plasma 
concentrations, will determine the amount 
available for secretion by the tubules 

Any of the various substances listed above as 
being secreted by this particular transport 
mechanism can be shown to compete with the 
others Thus a high concentration of one will 
reduce the secretion of another and vice versa 
Presumably they share a common carrier, and 
when some of the carrier sites are occupied by 
one, it has less capacity for the transport of 
another 

Several substances that are effective inhibi- 
tors of this mechanism have been discovered 
(cannamide, probenecid, phenylbutazone) 
These compounds are competitive inhibitors 
but are themselves only slowly excreted be- 
cause subsequent to their secretion mto the 
tubule they are reabsorbed by the proce^ 
known as non-ionic diffusion (see p 5-37) (It is 
mterestmg to note that these inhibitors have 
found their major practical application as m- 
hibitors of the reabsorption of urate in the 
treatment of gout ) 
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The mechanism is also inhibited by dinitro- 
phenol and by mercurial diuretics The effect 
of dmitrophenol has been attributed to the 
property of this substance of uncoupling phos- 
phorylation from oxidation and has been inter- 
preted as indicating that phosphate bond en- 
ergy is important in the transport process 
However, the finding that the dmitrophenol 
inhibition appears to be competitive casts 
doubt on this interpretation The effect of 
mercurial diuretics is noncompetitive and, for 
unknown reasons, is striking in man but en- 
tirely absent m the dog 

The transport of PAH is enhanced by ace- 
tate and lactate and inhibited by a number of 
the dicarboxylic acid intermediates of the 
Krebs cycle 

All of the substrates of the secretory process 
responsible for the tubular excretion of PAH 
are weak organic anions A separate and dis- 
tinct mechanism is capable of transporting a 
variety of organic bases including N-methyl- 
nicotinamide, tetraethylammonium ion and 
tolazoline These compete with each other but 
show no interaction with the organic anions 
The normal substrate for this mechanism has 
not been recognized (Weiner and Mudge, 
1964) 

UTILIZATION OF TUBULAR SECRETION 
FOR THE MEASUREMENT OF RENAL 
BLOOD FLOW 

As was noted above, several substances that 
undergo tubular excretion are very nearly 
completely removed from the blood that per- 
fuses the kidney This has made them singu- 
larly useful for the estimation of renal blood 
flow Diodrast and p-ammohippurate (PAH), 
because they are well adapted to chemical 
analysis, have particularly been used for this 
purpose, and we will consider the use of PAH 
as an example 

In accordance with the Fick principle, if the 
rate of removal of a substance from the blood 
as it flows through an organ is known, and if 
the concentration in the blood entering and 
leaving the organ can be determined, the blood 
flow can be calculated: 

F = R/(A - V) 

where F is the flow, R the rate of removal, and 
A and V the concentration in arterial and ve- 
nous blood, respectively. 


In applying this to the measurement of renal 
blood flow^ using PAH, the following experi- 
mental facts are important 1) there is no me- 
tabolism, production nor storage of PAH in the 
kidney, all of the PAH removed from the 
blood is excreted in the urine, 2) all of the 
PAH removed from the blood is removed from 
the plasma, the concentration in the red blood 
cells does not change significantly as blood 
passes through the kidney Then the above 
equation can be modified to yield 

RPF = UpahVAP^.h -P^Ih) 

where RPF represents renal plasma flow and 
PpAH and P?Ih represent concentrations of 
PAH in arterial and renal venous plasma, re- 
spectively 

Now, as it stands m this form the determi- 
nation of renal plasma flow would require 
measurement of the rate of excretion of PAH 
and the concentrations m arterial and renal 
venous blood plasma All of these are feasible 
in man, but the collection of renal venous 
blood IS considerably more difficult than the 
remainder of the procedures However, since 
we know that at low concentrations of PAH in 
the arterial plasma the removal of PAH as 
blood passes through the kidney is very nearly 
complete, we may as a first approximation 
consider the concentration in renal venous 
plasma to be zero and write 

ERPF = UpahV/Ppah = Cpj^H 

or that the effective renal plasma flow is equal 
to the PAH clearance In practice it is not nec- 
essary to measure arterial plasma PAH since, 
when arterial concentration is constant, there 
IS no measurable removal of PAH by periph- 
eral tissues, and the PAH in peripheral venous 
plasma is the same as that in arterial plasma 
Therefore, the effective renal plasma flow can 
be simply estimated by measurement of the 
plasma PAH clearance when the plasma PAH 
is maintained at a low level (As plasma PAH 
is mcreased, the extraction becomes less com- 
plete and the clearance falls further below the 
true plasma flow) From the effective renal 
plasma flow the corresponding renal blood flow 
can be calculated if the hematocrit is known 

ERBF = ERT>FA1 - Hct) 

It is interesting to note that Homer Smith 
and his associates (1938) deduced that the 
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clearance of diodrast could be used to measure 
renal plasma flow m man before the technique 
for obtammg renal venous blood by venous 
catheterization had been devised and the vir- 
tually total extraction of Diodrast confirmed ® 
This was based on the very high value (approx- 
imately 650 ml /min ) of the Diodrast clear- 
ance, thus, plasma flow of at least 650 
ml /mm was required to supply the Diodrast 
at the rate it was excreted It was reasoned 
that this was already such a large volume flow 
that the true plasma flow could not be much 
higher 

RENAL BLOOD FLOW AND FILTRATION 
FRACTION IN MAN 

The remarkably high value of the renal 
plasma flow has been mentioned above A 
plasma flow of 650 ml /mm corresponds to a 
blood flow of about 1200 ml /mm , an amount 
approximately equal to one-fourth of the car- 
diac output under basal conditions The ratio 
of the renal blood flow to cardiac output is fre- 
quently referred to as the renal fraction of the 
cardiac output 

The demonstrated equivalence of PAH 
clearance and (effective) renal plasma flow has 
made it possible to measure the renal blood 
flow m man with a minimum of manipulation 
and disturbance Thus, it has been possible to 
measure changes m blood flow with disease as 
well as to determine the effects of various 
changes m physiological state and the effects 
of drugs, etc (Chasis et al , 1938) 

In considering changes in the renal plasma 
and blood flows, it is pertinent to take account 
of the fraction of the plasma lost as glomerular 
filtrate as the plasma flows through the glo- 
merular capillaries Since all of the renal blood 
flow under normal conditions passes through 
the glomeruli, the volume given up as glomer- 
ular filtrate is derived from the total plasma 
flow and the ratio of filtration rate to plasma 
flow (mulin clearance to PAH clearance) is a 
measure of the extent to which, in the average 

® It should also be noted that if, for some reason, 
renal venous blood is collected so that true plasma 
and blood flow can be determined, PAH and similar 
substances lose their unique value Then any sub- 
stance that is removed by, but not produced, metab- 
olized, or stored in the kidney can be used for the 
uiiMSnrement^ since the Pick principle can be ap- 
41^ec%« A high degree of extraction, under 
€^nd|ticn% has <mly the virtue of minimizing 
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glomerulus, the plasma volume is reduced and 
the plasma protein concentration increased by 
the process of glomerular filtration The ratio 
of filtration rate to plasma flow is known as 
the filtration fraction 

While, as was noted in an earlier section, the 
rate of glomerular filtration is a remarkably 
stable function, the renal blood flow manifests 
a fairly marked degree of lability, and may be 
modified by any of a number of stimuli Most 
of the changes are mediated via the sympa- 
thetic nerve supply and are in the direction of 
decreases In fact, although the subject has 
long been debated and no consensus has been 
achieved, the only physiological effects clearly 
shown to be mediated by the nerve supply to 
the kidneys are vasomotor, and the renal 
nerves have not been shown to play a signifi- 
cant role in the regulation of transport proc- 
esses in the renal tubules 

The renal blood flow is diminished by fright, 
pain, exercise, epinephrine, norepinephrine 
and stimulation of several areas of the central 
nervous system, and by a number of other 
stimuli In general, anything that lowers blood 
pressure will reduce renal blood flow, not so 
much because of the reduction in perfusion 
pressure, but because the kidney takes part in 
the general vasoconstriction which is the ho- 
meostatic response to a lowering of blood pres- 
sure Thus there may be a marked decrease m 
renal blood flow with only a trivial reduction 
m aortic blood pressure Drugs that reduce 
blood pressure also reduce the renal blood 
flow However, in general, the reduction in 
flow is less than with equivalent reductions m 
blood pressure due to, for instance, hemor- 
rhage or orthostasis, since the blood pressure 
reducing drugs usually inhibit renal as well as 
peripheral vasoconstriction A special case 
appears to be hydrazmophthalazme which may 
mcrease renal blood flow while reducing sys- 
temic blood pressure, probably through a spe- 
cific renal vasodilator action 

A more or less unique phenomenon is the 
marked renal vasodilation and hyperemia pro- 
duced by the pyrogenic reaction The latter 
phenomenon, the most striking clinical feature 
of which IS chills and fever, is most often a 
response to bacterial products (certain bac- 
terial polysaccharides, typhoid vaccine) It is 
accompanied by intense hyperemia of the kid- 
ney, and the renal blood flow may reach twice 
its normally very high value Interestingly, the 
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renal response to pyrogenic materials is not 
abolished by the administration of antipyretic 
drugs although the latter may completely sup- 
press the chills and fever 

With all of the above changes m renal blood 
flow there are frequently only slight changes in 
glomerular filtration rate and such changes are 
frequently entirely absent Thus the changes in 
filtration fraction are the inverse of the 
changes m blood flow 

What Happens to Typical 
Constituents 

REABSORPTION AND EXCRETION 
OF WATER 

One of the most striking features of the 
function of the mammalian kidney is the ca- 
pacity to excrete urme differing in osmotic 
pressure from the blood from which it is de- 
rived It is through this capacity to excrete 
concentrated or dilute urine that the solute 
concentration (osmotic pressure) of the body 
fluids is maintained within remarkably narrow 
limits despite wide variation in the intake of 
solute and water When, because of water loss 
or solute gam, the solute concentration of body 
fluids rises, the urme becomes concentrated, 
solute is excreted with less than the equivalent 
amount of water, and the solute concentration 
of the body fluids is restored to normal Con- 
versely, when the body fluids become diluted 
by water intake or solute loss, a dilute urme 
containing an excess of water is excreted, and 
the osmotic pressure of body fluids is returned 
to normal Before considering the mechanisms 
by which the renal tubules effect these 
changes, it may be helpful to digress briefly to 
review the concept of osmotic pressure and its 
measurement 

If two solutions containing different concen- 
trations of solute are separated by a membrane 
permeable to the solvent (water m all cases 
with which we are concerned) but not the sol- 
ute, there will be a movement of water from 
the more dilute to the more concentrated of 
the solutions The movement of water is due to 
the fact diat the presence of solute reduces the 
chemical activity of water^ and water will 
move from the solution in which its activity 
(analogous to concentration) is high to one 
where it is lower Water will move from dilute 
to concentrated solution until both have the 
same solute concentration or, if the movement 


of water is opposed by the application of a 
hydrostatic pressure, until the hydrostatic 
pressure balances the concentration difference 
The hydrostatic pressure which would be re- 
quired to maintain a solution at constant 
volume when it is separated by an ideal semi- 
permeable membrane^ from pure water is the 
osmotic pressure of that solution The term 
osmotic pressure is applied although the os- 
motic pressure is never actually determined 
Instead, some other property of the solution 
dependent upon total solute concentration is 
measured most commonly the freezing point, 
occasionally the vapor pressure 

The colhgative properties (osmotic pressure, 
freezing point depression, vapor pressure de- 
pression) depend on the ratio of the total 
number of solute particles to the number of 
moles of solvent The nature of the solute is, to 
a large extent, indifferent, ideally, a protein 
molecule of molecular weight 100,000 has an 
effect equal to that of a sodium ion of weight 
23, and a mole of sodium chloride, since it dis- 
sociates to yield two particles, has twice the 
effect of a mole of urea or glucose One mole of 
ideal solute dissolved m a kilogram of water 
depresses the freezing point of the solution by 
1 86 C Such a solution is defined as an os- 
molal solution and is said to contain one 
osmol/kg of water Since most biological 
fluids are considerably more dilute, it is con- 
venient, in order to avoid decimals, to deal 
with milliosmols or micro-osmols, one mil- 
liosmol being one one-thousandth of an osmol, 
one micro-osmol one-thousandth of a mil- 
liosmol The milhosmolality of a solution is 
defmed as its freezing point depression in de- 
grees Centigrade divided by 0 00186 Thus 
normal plasma is about 285 milliosmolal (ab- 
breviated 285 mOs) and has a freezing point of 
about -0 53°C ® 

It will facilitate consideration of the proc- 
esses that take place between the filtration of 


^An ideal semipermeable membrane is one perme- 
able to solvent but impermeable to all solute 

®Note that osmotic pressure depends on the 
number of solute particles per unit of solvent The 
amount of water in a given volume of solution will 
vary with concentration as well as with the nature of 
the solute There is, therefore, no simple way to con- 
vert from osmolality to a number of solute particles 
per unit volume of solution It is, however, the prac- 
tice to disregard the maocuracy mvolved and mul- 
tiply volume by osmolality to obtain the approxi- 
mate amount of solute m a given volume. 
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an isotonic fluid (one which has the same os- 
motic pressure as blood plasma) and the excre- 
tion of dilute and concentrated urine, if we 
first consider the gross behavior of water excre- 
tion and its extrarenal control (Findley and 
White, 1937) Under basal conditions the urine 
is usually moderately concentrated and the 
urine flow is small If under such conditions an 
individual ingests a moderately large volume 
of water, e g , one liter, it is found that after an 
mtervai of some 15 to 20 mm the urine flow 
begins to rise The flow increases rapidly to 
reach a peak of some 12 to 15 ml /mm at 40 
min to 1 hr , and, when an amount approxi- 
mately equal to that ingested has been ex- 
creted, returns to the same low level as ob- 
tained before the water ingestion (Of course, if 
the water ingestion is continued so that a posi- 
tive balance is maintained, the high rate of 
flow may continue for prolonged periods ) If 
these events are analyzed more carefully, it is 
found 1) that the osmotic pressure of the blood 
shows a distinct drop (though only a few per- 
cent) well before the onset of the increase in 
urine flow (diuresis), 2) that the change m 
urine flow is almost entirely due to a change in 
the amount of water excreted, manifested by a 
shift in urine osmolality from hypertonic to 
markedly hypotonic to plasma, solute excre- 
tion shows little or no change, 3) if glomerular 
filtration has been measured it is found that 
the increase in urine flow occurs without or 
with only trivial changes m the rate of forma- 
tion of glomerular filtrate, the change in water 
excretion is due to a change in the absorption 
of water in the renal tubules, 4) if at the peak 
of the urine flow, additional water is mgested, 
the urine flow does not increase further but 
remams at a value of some 12 to 15% of the 
volume of the glomerular filtrate, 5) if, at any 
point in the course of the diuresis, vasopres- 
sion, the antidiuretic hormone of the posterior 
pituitary, is administered, the diuresis is im- 
mediately interrupted, and the urine again 
becomes more concentrated than the blood 
The concentration of the urine is normally 
continuously regulated by the secretion of an- 
tidiuretic hormone (ADH) by the posterior 
lobe of the pituitary gland This hormone is 
believed to be produced in the supraoptic nu- 
clei of the hypothalamus and to migrate via 
the supraopticohypophyseal tracts to the pos- 
terior lobe of the pituitary where it is stored 
and released into the blood in response to 


stimuli mediated from the hypothalamus via 
the same tract system Within the supraoptic 
nuclei certain cells (osmoreceptors) are be- 
lieved to behave as tiny osmometers, taking up 
water and swelling when the osmotic pressure 
of the surrounding body fluids is reduced and 
giving up water as the osmotic pressure of the 
bathing fluid rises The swelling and shrinking 
of these cells is believed to lead to the trans- 
mission of nervous impulses which modulate 
the release of antidiuretic hormone from the 
posterior pituitary Thus a reduction of the 
osmotic pressure of the blood leads to inhibi- 
tion of ADH release,® an increase of osmotic 
pressure stimulates ADH secretion In turn, 
the ADH IS carried by the blood to the kidney, 
and in the kidney ADH regulates the reabsorp- 
tion and excretion of water 

The work of Verney (1947), to whom we owe 
much of our understanding of the pituitary 
control of water excretion, showed that injec- 
tion into the internal carotid artery of the dog 
of enough sodium chloride to raise the osmotic 
pressure of the blood by about 2% resulted m 
immediate inhibition of water excretion Injec- 
tion of the same amount into a peripheral 
vessel had no such effect since it was then di- 
luted with a large volume of blood before being 
delivered to the sensitive area m the brain 
Injection of the osmotically equivalent amount 
of urea into the internal carotid was also vir- 
tually without effect In this case the ineffec- 
tiveness IS presumably due to the fact that 
urea readily penetrates cells When the urea 
concentration of their environment is raised, 
the osmoreceptor cells take up urea rather 
than lose water Since the receptors do not 
shrink, there is no induction of ADH secretion 
Thus, only those solutes to which cells are rela- 
tively impermeable make up the effective 
osmotic pressure in response to which ADH 
secretion is regulated ^ 

Our knowledge of the location in the renal 
tubule and the nature of the processes by 
which water excretion is regulated is due 

®The latent period from water ingestion to onset 
of diuresis is attributable i) to the time required for 
water absorption to produce sufficient dilution of the 
body fluids and thus inhibit ADH secretion, 2) for 
the circulating ADH to disappear 

^ The above describes the normal control of ADH 
secretion A number of other stimuli such as fear, 
trauma, nausea, certain drugs, and many others may 
produce secretion of ADH under conditions unre- 
lated to the osmotic pressure of the body fluids 
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largely to the application of the micropuncture 
technique— in amphibians by Richards and his 
associates (1936, 1938), and in mammals by 
Walker et al (1941), and more recently and 
extensively by Wirz (1956) Gottschalk (1959, 
1964) and others 

The glomerular filtrate has the same osmotic 
pressure as the plasma except for the absence 
of the plasma proteins ® As the fluid flows 
through the proximal tubule, its volume is 
reduced to a fraction of that which enters the 
glomerular space Although, because of inac- 
cessibility from the kidney surface no samples 
have been collected from the last 40% of the 
proximal tubule, it is generally estimated that 
approximately one-third of the filtered volume 
reaches the end of the proximal tubule and 
enters the loop of Henle This reduction of 
volume occurs without change in osmotic pres- 
sure whether the urine being produced is dilute 
or concentrated Thus the large fraction of 
fluid reabsorbed in the proximal tubule does 
not take part in the concentration and dilution 
processes, and, in fact, is lost to the process of 
osmoregulation The water thus reabsorbed in 
the proximal segment has been termed by 
Smith (1952) obligatory water reabsorption to 
distinguish it from the facultative water reab- 
sorption m the more distal portions of the 
nephron where water reabsorption is subject to 
regulation m accordance with the excess or 
deficit of water in the body fluids 

A considerable body of evidence indicates 
that the water reabsorption m the proximal 
tubule IS entirely a passive process and that 
the active process which underlies it is the 
transport of salt (predominantly sodium salts) 
out of the tubule lumen (Wmdhager et al, 
1959) As sodium salts are transferred from 
lumen to peritubular fluid, there is a tendency 
to produce dilution of the tubule contents and 
hypertonicity of the surroundings The prox- 
imal tubule is highly permeable to water and, 
in response to the osmotic gradient, water fol- 

*It IS important to make a clear distinction be- 
tween the total osmotic pressure, with which we are 
concerned in the process of urine dilution and con- 
centration, and the colloid osmotic pressure or on- 
cotic pressure due tc the plasma proteins which play 
such an important role in the distribution of fluid 
across capillary membranes (because the latter are so 
highly permeable to all the other solutes) The col- 
loid osmotic pressure of plasma is equivalent to 
about 25 mm Hg (1 to 2 mOs) while the total os- 
motic pressure is of the order of 6 atm (285 mOs ) 


lows the salt out of the tubule Within the 
limits of the determinations the proximal tu- 
bule contents are always isotonic with the 
blood 

Although the loop of Henle is far less acces- 
sible to puncture in situ than the convoluted 
tubules, it has been possible through puncture 
of limited segments in vivo and by perfusion 
m vitro to define the characteristics of the 
loop The descending limb has a high permea- 
bility to water so that the fluid m the de- 
scending limb retains the same osmotic pres- 
sure as the surrounding interstitial fluid Near 
the bend of the loop there is an abrupt de- 
crease in the permeability to water so that the 
continued removal of salt leaves the fluid in 
the lumen dilute (Morgan and Berliner, 1968) 
The urine emerges into the distal convoluted 
tubule with its osmotic pressure reduced to 
about half that of plasma whether the final 
urine is to be dilute or hypertonic 

The changes that take place m the distal 
tubule depend upon whether a dilute or con- 
centrated urine is to be produced In the for- 
mation of dilute urine, the dilute fluid that 
enters the distal tubule is further diluted by 
the continued removal of salt, and the salt 
lemoval probably continues through the col- 
lecting system The urine is thus rendered 
hypotonic by the active reabsorption of salt in 
a region which clearly has a low permeability 
to water (Otherwise the osmotic gradient 
would be dissipated, as it is in the proximal 
tubule, by the escape of water to the more 
concentrated surroundings ) The low permea- 
bility to water which characterizes the distal 
convoluted tubule and collecting system 
during the formation of dilute urine is de- 
pendent upon the absence of ADH 

In the formation of concentrated urine, the 
events are similar up to the point at which the 
fluid enters the distal convoluted tubule In 
the presence of antidiuretic hormone, however, 
the collecting tubules and collecting ducts and 
possibly the distal convoluted tubules become 
permeable to water ® Consequently, as the 

® Antidiuretic hormone has been shown to have 
the property of increasing water permeability in iso- 
lated membranes (frog skin, toad skin, toad bladder) 
by causing the dilation of water-filled pores (An- 
dersen and Ussing, 1957, Sawyer, 1957) It has also 
been shown directly, in vitro, to mcrease the perme- 
ability to water of rabbit cortical collecting tubules 
and rat medullary collecting ducts (Grantham and 
Burg, 1966, Morgan and Berliner, 1968) In the rat, 
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fluid flows through the distal nephron the os- 
motic gradient established by the reabsorption 
of sodium and chloride, is dissipated, and, 
despite additional salt removal m the distal 
nephron, the dilute character of the urine is 
lost so that it regains isotonicity before it en- 
ters the medullary portion of the collecting 
system It is important to emphasize that it 
enters the medulla isotonic, never hypertonic 
The additional water loss which renders the 
urine more concentrated than blood occurs in 
the medullary segments of the collecting 
system 

The nature of the mechanism by which urine 
is rendered hypertonic to the body fluids was 
long one of the more intriguing problems of 
renal physiology, and its apparent elucidation, 
largely through the efforts of Wirz and his as- 
sociates (1951) is one of the more important 
and interesting achievements Although some 
of the details of the mechanism are relatively 
complex, the essentials are quite simple and 
directly related to the anatomical organization 
of the kidney The convoluted tubules are cor- 
tical structures, the loops of Henle and the col- 
lecting ducts lie in the medulla The latter 
structures are thus relatively isolated from the 
cortical structures in which most of the trans- 
port activity of the kidney takes place In ad- 
dition, the blood supply of medulla and papilla 
forms a looplike system derived from the ef- 
ferent vessels of the juxtamedullary glomeruli, 
running down into the medulla, and looping 
back to the cortex Thus, both loop of Henle 
and the blood supply of the medullary region 
form countercurrent systems in which the out- 
flowing fluid flows counter to and in proximity 
to inflowing fluid We will for the moment 
defer consideration of the importance of this 
particular arrangement 

As was noted above, as fluid flows through 
the ascending limb of the loop, sodium and 
chloride are removed while the water remains 
behind in the tubule lumen and the urine be- 
comes diluted The sodium and chloride re- 
moved are transferred to the interstitial fluid 
of the medulla, increasing the osmotic pressure 

the permeability of the distal convoluted tubule to 
water is regulated by antidiuretic hormone (Wirz, 
1956) In the dog and in the monkey the distal tu- 
bule IS unaffected by antidiuretic hormone and the 
permeability change is presumably first manifested 
m the cortical collecting tubules (Clapp and Robin- 
son, 1966; Bennett et al , 1968) 


of this fluid The diluted urine emerges into 
the cortex where, in the presence of ADH, it 
loses its excess of water and is further reduced 
in volume as solute is removed in the distal 
tubule This water loss occurs m the cortex, 
spatially separated from the salt left behind in 
the medulla, and in an area where, because of 
the very large flow of blood, the excess water 
produces only a minimal change m osmotic 
pressure Now the remaining urine, greatly 
reduced in volume and isotonic with the blood, 
enters the collecting system and flows through 
the medulla The interstitial fluid of the me- 
dulla, however, has a high osmotic pressure 
because of salt transported by the loop and, 
the collecting duct being permeable to water 
in the presence of ADH, the urine loses water 
to attain the same osmotic pressure as the in- 
terstitial fluid Thus the hypeitonicity of the 
urine is produced These events are illustrated 
diagramatically in Figure 5 7 Because the 
volume flow through the loop is several times 
larger than that m the collecting ducts, a rela- 
tively small change m concentration m the 
loop IS sufficient to yield enough solute to raise 
the concentration of the urine in the collecting 
ducts severalfold 

If the sodium salts transported into the 
medullary interstitial fluid are to raise the 
osmotic pressure of the latter, they must not 
be immediately carried away by the blood 
flowing through the area The retention of ex- 
cess solute in the medullary interstitial fluid is 
made possible by the arrangement of the blood 
flow which constitutes a countercurrent ex- 
changer The principle of the countercurrent 
exchanger is illustrated m Figure 5 8 Out- 
flowmg blood tends to lose its solute to the m- 
flowmg blood As a result, solute is recircu- 
lated m the medulla This characteristic makes 
it possible not only to retain sodium salts but 
to trap urea as well, the special role of urea m 
the concentration process is considered with 
the excretion of urea 

The loop arrangement has an additional 
physiological advantage As the fluid flows 
down the descending limb of the loop of Henle 
mto an environment made hypertonic by the 
activity of the ascending limb, it loses water so 
as to retain the same osmotic pressure as the 
environment The loss of water raises the con- 
centration of sodium salts m the loop contents 
so that the transport of sodium salts out of the 
ascending limb is against only a small gradient 
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Fig 5 7 Diagramatic representation of changes in the tonicity of fluid in the tubules during the formation of con- 
centrated and dilute urine Dark and light arrows indicate movements of sodium chloride and water respectively 
and the relative permeability of the tubule wall to water is indicated by its thickness 


of concentration despite the very high concen- 
tration of sodium salts m the interstitial fluid 
surrounding the loop This arrangement is that 
of a countercurrent multiplier^ so called be- 
cause the small concentration gradient from 
the loop contents to environment is multiplied 
m the longitudinal direction from cortex to tip 
of papilla 

The highest concentration achieved by the 
human kidney is generally about 1200 to 1400 
mOs (a relatively modest maximum compared 
with some other mammals, e g , dog 2300 to 
2500 mOs , rat 3000 to 3200 mOs , kangaroo 
rat over 5000 mOs ), the lowest concentrations 
observed are of the order of 30 to 40 mOs 
Thus, the kidney is able to produce urme four 
to five times more concentrated than or one- 
seventh to one-tenth as concentrated as the 
blood (roughly 300 mOs ) 

In clinical practice, the specific gravity, 
rather than the osmolality, is generally used as 
an index of concentration and dilution Urine 
of specific gravity 1 008 to 1 010 is approxi- 
mately isotonic with plasma, but the two 


scales are not directly interchangeable since 
the specific gravity depends not only on the 
concentration of solute but also on the latter’s 
nature The chief value of the specific gravity 
lies m the simplicity of its determination 
The highest and lowest concentrations are 
produced only when solute excretion is at a 
relatively low level, as solute excretion in- 
creases dilute urines become less dilute and 
concentrated urines less concentrated The 
basis for this change can be deduced from the 
mechanisms for dilution and concentration 
described above and is more easily understood 
if the urine flow is considered to be divided 
mto two parts as suggested by Smith One 
fraction is considered to contain all of the 
solute excreted at the same concentration as 
plasma, the other fraction is the amount of 
water contained in excess of this isotonic frac- 
tion The isotonic fraction is calculated by di- 
vidmg total solute excretion by the osmolality 
of plasma Solute excretion is given by the 
product of urine flow and urine osmolality 
UosV and when this is divided by the plasma 
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Fig 5 8 Principle of the countercurrent exchanger A and B 100 calories/min raise the temperature of 10 ml /mm 
of water 10® in both A (straight flow) and B (countercurrent flow) However since the incoming water is heated by the 
outgoing water in B the maximum temperature attained in the countercurrent system is considerably higher than 
with straight flow The graph compares the temperature along the flow tubes in each system C countercurrent flow 
as applied to the capillary loop showing that it is not necessary for the limbs of the loop to be m direct contact In 
the hypothetical illustration given both limbs are in contact with the same interstitial fluid of progressively in 
creasing concentration Sodium salts {arrows) at first enter the capillary blood later partly return to the interstitial 
fluid Note the analogy between B m which heat is recirculated and C in which sodium salts are similarly retained in an 
area 


osmolality, the resulting value has the dimen- 
sions of a clearance and is generally called the 
osmolal clearance (Cos) 

Cos = UosV/Pos 

When the urine is dilute the flow exceeds 
the osmolal clearance by an amount which 
Smith has designated the free water clearance 
(Chso) This IS the volume of water which must 
be removed from one minute’s flow of urine to 
return the urine to isotonicity Thus 

V ~ (UosV/Pos) = Ch,0, Ch.O = V - Cos 

From the mechanism described above it may 
be seen that, provided no water has escaped 
from distal tubule or collecting duct, ChsO is 
the volume of water which originally contained 
the salt reabsorbed in ascending limb, distal 
tubule and collecting duct The capacity of 
these segments to reabsorb sodium salts, there- 


fore, sets the limit on the amount of water 
which can be excreted above that containing 
the urinary solutes in isotonic solution It is 
this limited capacity to excrete water freed of 
solute which accounts for the increasing con- 
centration of dilute urine as solute excretion 
increases, the isotonic portion of the urine flow 
(Cos) constituting an ever larger fraction of the 
total flow (V) Actually Ch 20 may be less than 
maximal 1) because insufficient sodium salts 
are delivered to the distal portions of the tu- 
bule to saturate the reabsorptive capacity or 2) 
because some of the water “freed” by salt 
removal diffuses out of the distal tubule Even 
in the total absence of ADH some permeability 
to water persists, and this permeability may be 
increased by amounts of ADH that are too 
small to yield a maximal effect and thus a 
concentrated urine 

Wien the urine is concentrated the flow is 
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Fsg 5 9a [left) Relationship between urine flow and solute excretion in water diuresis and during the formation of 
concentrated urine 

Fig 5 Bb {right) Relationship between urine flow and urine osmolality when urine flow is modified by changing 
solute excretion See text for explanation 


smaller than the osmolal clearance, that is, 
water must be added to the urine to render it 
isotonic Thus CHgO assumes a negative value, 
this has been designated as T^HgO by Smith 
(1952) The driving force for the removal of 
water from urine flowing through the collecting 
ducts IS provided by the salt transported out 
of the ascending limb of the loop of Henle 
Therefore the amount of water thus removed 
(T^H 2 o)can not be greater than the osmotic 
equivalent of the salt deposited in the medulla 
by the loop Since the value of T^^HgO is lim- 
ited, as solute excretion increases the urine 
concentration falls, again because the isotonic 
portion of the urine (Cos) constitutes an ever 
greater fraction of the total (V) (V = Cos ~ 
T'^Hao ) The flows and concentrations of dilute 
and concentrated urines as solute excretion is 
varied are illustrated in Figures 5 9 A and 5 9B 
In considering the effects of antidiuretic hor- 
mone and the change from dilute to concen- 
trated unne, it is important to emphasize that 
by far the most important effect is that in the 
cortical segments of the nephron system which 
involves the change from dilute to isotonic 
urine The relative quantitative importance 
of the dilution and concentration processes 
can be illustrated in a person excreting enough 
solute to require the excretion of 2 liters of iso- 
tonic urine in 24 hr If he were to produce max- 

This IS equivalent to saying that the production 
of a concentrated fluid (urine) in the medulla must 
he balanced by the production of a dilute one (the 
fluid emerging from the ascending limb of the loop) 


imally dilute urine for this period, he would 
excrete approximately 20 liters of urine There- 
fore, if ADH were to effect a rise m urine con- 
centration only to isotonicity with plasma, 
some 18 liters of water would be conserved If, 
on the other hand, the same solute were to be 
excreted in a maximally concentrated urine, 
the volume would be reduced to about 500 ml , 
a further saving of about 1 5 liters Clearly, 
the water saved in not putting out a dilute 
urine is quantitatively much more important 
than that conserved in forming a concentrated 
urine 

REABSORPTION AND EXCRETION OF 
SODIUM AND CHLORIDE 

The regulation of the osmotic pressure of 
body fluids tends to adjust the amount of 
water in the body to the amount of solute m 
the body fluids Thus, so long as osmotic pres- 
sure regulation remains normal, the volume of 
the body fluids will depend on the amount of 
solute m the body Since sodium salts consti- 
tute some 90% or more of the solute of extra- 
cellular fluid, the volume of the extracellular 
fluid IS largely dependent on the regulation of 
renal sodium excretion 

We have already considered, in relation to 
the regulation of water excretion, how sodium 
reabsorption is distributed in the renal tubule 
It has been pointed out that a major fraction of 
the filtered solute and water are reabsorbed in 
the proximal tubule Since most of this solute 
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IS composed oi sodium salts and since the fluid 
remains isotonic m the process of this reab- 
sorption, there is ordinarily little reduction of 
sodium concentration in the proximal tubule 
However, the reabsorption involves active so- 
dium transport since 1) the reabsorption oc- 
curs despite a small difference of electrical 
potential (3 to 4 mv , lumen negative to inter- 
stitial fluid) opposing the movement of so- 
dium, and 2) if some nonreabsorbable solute 
(e g , mannitol) is present, the sodium concen- 
tration does fall well below that of the peritu- 
bular fluid as sodium is reabsorbed (However, 
because of a relatively high permeability the 
gradient of sodium concentration that can be 
established is limited because of diffusion from 
peritubular fluid ) Since chloride reabsorption 
is favored by the small electrical potential, and 
usually by a higher concentration of chloride in 
the lumen than in the interstitial fluid, there is 
no reason to believe any specific transport 
mechanism for chloride reabsorption is 
present 

The reabsorption of sodium in the more 
distal segments of the nephron does result in 
the establishment of gradients of sodium con- 
centration which may, indeed, be very steep 
since sodium may be virtually absent from the 
urine The difference between proximal and 
distal tubules probably resides not so much in 
the character of the transport mechanism, as 
in the passive permeability of the tubule epi- 
thelium, there is less tendency, in the distal 
area, for the sodium to diffuse back into the 
lumen and dissipate the gradient However, in 
the distal convoluted tubule the removal of 
chloride may be the consequence of an active 
transport process since at least one study has 
been reported as showing that the concentra- 
tion may fall to levels too low to be accounted 
for by the electrical force provided by the so- 
dium transport 

In addition, in the distal tubule, not all of 
the reabsorption of sodium is accompanied by 
reabsorption of anion Some of the sodium 
reabsorbed in the distal segment is replaced by 
potassium, and some is replaced by hydrogen 
and ammonium ions These aspects of the so- 
dium reabsorptive mechanism will be consid- 
ered m relation to potassium excretion and the 
renal regulation of acid-base balance in later 
sections of this chapter. 

The mechanism by which sodium is trans- 
ferred from lumen to peritubular fluid is 
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poorly understood It is probably very cioseK 
related to that mechanism (also poorly under- 
stood) common to virtually every cell of the 
body, by which sodium is extruded from and 
potassium maintained at a high concentration 
m the intracellular fluid No entirely satisfac- 
tory and generally applicable model is availa- 
ble, but it is believed that an ATPase requiring 
both NA and K for its activation may play an 
important role 

REGULATION OF SODIUM EXCRETION 

A number of circumstances are known to 
influence the rate of sodium excretion The 
way m which these factors are integrated to 
determine and regulate the rate of sodium ex- 
cretion is not so well known To say that the 
rate of sodium excretion is determined by the 
balance between filtration of sodium at the 
glomeruli and reabsorption of sodium by the 
renal tubules is merely to state the obvious 
What is required is a knowledge of how these 
two processes are interrelated and modified to 
maintain a normal body sodium content Al- 
though we can indicate qualitatively some of 
the determinants of sodium excretion, they 
can not be put together as, for instance, m the 
case of glucose, to predict the rate of salt ex- 
cretion 

Glomerular Filtration. Under average 
normal conditions only a very small fraction of 
the sodium contained in the glomerular filtrate 
is excreted in the urine — a person on an av- 
erage salt intake puts out only about one-half 
of one percent of the amount filtered. It is 
clear, therefore, that an increase of only 1% m 
the rate of glomerular filtration supplies 
enough additional sodium m the filtrate to 
double or triple the sodium excretion were 
none of the extra sodium reabsorbed by the 
tubules It IS also clear, however, that when the 
glomerular filtration rate increases, the incre- 
ment of filtered sodium is never quantitatively 
excreted In fact, unlike the situation with re- 
spect to the reabsorption of such substances as 
glucose and phosphate, changes in the rate of 
glomerular filtration are attended by parallel 
changes in the rate of sodium reabsorption 

“ Changes in the amount of sodium filtered are 
generally due largely to changes in the rate of glo- 
merular filtration since the plasma sodium concen- 
tration is normally maintained within a very narrow 
range, reflecting the constancy of osmotic pressure 
to which sodium salts contribute such a major share 
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WTien glomerular filtration increases, sodium 
reabsorption increases, when filtration de- 
creases, reabsorption likewise decreases When 
changes in glomerular filtration occur the re- 
absorption of salt in the proximal convoluted 
tubule changes very nearly m exact proportion 
However, because similar changes do not take 
place in reabsorption in the remainder of the 
nephron, changes in the filtration of sodium 
are not accompanied by proportional changes 
in excretion As a matter of fact, acute changes 
m the filtration of sodium produce relatively 
very large changes in sodium excretion How- 
ever, if the filtration rate changes are main- 
tained for a protracted period compensatory 
changes in reabsorption occur so as to restore 
sodium balance 

These circumstances are very clearly demon- 
strated by the experiments of Mueller and his 
associates (1951) In dogs operated upon to 
make it possible to collect the urine from each 
kidney separately, these investigators placed 
constricting cfamps on one renal artery It was 
found that if the artery was constricted so as 
to produce a barely detectable decrease in 
glomerular filtration rate, there was a marked 
drop in the amount of sodium excreted by the 
affected kidney Such a kidney might excrete 
only 10 to 20% of the daily sodium intake, the 
remainder being excreted by the normal con- 
trol kidney so as to maintain sodium balance 
This situation might persist indefinitely If, 
however, the normal kidney was then removed 
there was a prompt increase in the salt ex- 
creted by the kidney with the constricted ar- 
tery When the full load of maintaining sodium 
balance was placed on the experimental kid- 
ney, compensatory adjustments of reabsorp- 
tion overcame the effects of reduced glomer- 
ular filtration 

Adrenocortical Steroids. The best known 
of the influences that modify reabsorption of 
sodium by the tubules is that exerted by the 
steroid hormones of the adrenal cortex The 
natural hormone with the greatest effect on 
sodium reabsorption is aldosterone, but similar 
effects are produced by desoxycorticosterone, 
cortisol, and others, as well as a number of 
synthetic steroids All of the active steroids 
exert qualitatively identical effects on sodium 
transport by the renal tubules, increasing reab- 
sorption in all its forms — that is, sodium reab- 
sorption accompanied by chloride reabsorption 
as well as sodium exchange for potassium and 


hydrogen ions However, the various steroids 
may produce differing effects on sodium excre- 
tion not only because they differ m potency 
with respect to their capacity to modify so- 
dium transport, but probably in part because 
glucocorticoid activity is associated with the 
specific property of increasing the rate of glo- 
merular filtration 

The control of salt excretion by the adrenal 
cortex IS mediated largely by the secretion of 
aldosterone The secretion of aldosterone is 
stimulated by angiotensin, a small peptide 
hormone formed in the blood from a circu- 
lating precursor globulin by the action of the 
enzyme renin Renin is secreted by the juxta- 
glomerular apparatus of the kidney in response 
to a stimulus which has not been clearly estab- 
lished, but which appears to be related in some 
way to the effective circulating blood volume 
Contraction of blood volume leads to increased 
secretion of renin which in turn yields in- 
creased formation of angiotensin and, m turn, 
increased secretion of aldosterone, increased 
reabsorption of sodium (and chloride) and sec- 
ondarily, by an increase in the retention of 
water, to expansion of volume 

The action of aldosterone is to increase the 
formation of a protein which plays some as yet 
unidentified role in the sodium transport 
process 

It should be clearly understood that the 
transport process proceeds very well in the 
absence of the corticosteroids, the effect of the 
hormones is, in a sense, the fine adjustment of 
a process which is largely autonomous 

When adrenal salt-retention hormones are 
administered to normal individuals there is a 
brief period of salt retention but the decreased 
salt excretion is relatively short-lived After 
retaining a modest amount of salt, the indi- 
vidual comes back into balance This does not 
indicate the development of resistance to the 
effect of steroid on sodium transport but com- 
pensation for this effect by other factors 

Other Controls. In recent years it has be- 
come apparent that factors other than glomer- 
ular filtration rate and adrenocortical steroids 
play a dominant role in the regulation of so- 
dium excretion Although these factors are still 
poorly understood a considerable amount of 
experimental data that relate to their opera- 
tion has been amassed If an animal is given 
massive doses of aldosterone or other salt re- 
tention hormones and then infused with iso- 
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tome Ringer’s solution, a sharp increase m so- 
dium excretion occurs even if the rate of glo- 
merular filtration is markedly reduced by 
clamping the renal artery or the aorta, the in- 
creased salt excretion occurs in denervated 
kidneys and when the plasma oncotic pressure 
IS maintained by inclusion of albumin in the 
infused solution (De Wardener et al , 1961) A 
part of the effect has been shown to be a 
marked reduction of reabsorption in the prox- 
imal convoluted tubule, but additional effects 
on reabsorption in more distal segments are 
required for the full expression of the increased 
sodium excretion 

Numerous attempts have been made to 
identify, in the blood of saline infused animals, 
humoral depressors of sodium transport by the 
tubules No conclusive evidence for the exist- 
ence of such humoral agents has yet been ad- 
duced although factors that modify transport 
m several assay systems have been reported to 
occur in the plasma of saline infused animals 
and to be absent in that of hydropenic ani- 
mals While a regulatory role for some of these 
agents is a possibility, much work remains to 
be done before this can be considered estab- 
lished 

At the same time it has been shown that the 
rate of reabsorption by the tubules can be 
modified by changes in the oncotic and hydro- 
static pressures in the peritubular capillaries, 
presumably through some poorly understood 
effect of these factors on the rate of transport 
by the tubules (Martino and Earley, 1967) The 
regulatory role of such factors also remains to 
be clarified 

Osmotic Diuresis. The excretion of sodium 
IS mcreased by any circumstance which leads 
to an increase in the excretion of solute 
(Wesson and Anslow, 1948) Perhaps the most 
common such event is elevation of the blood 
glucose to levels at which the reabsorptive 
capacity of the tubules is saturated and glu- 
cose is excreted in the urine The same effect 
may be produced by the administration of 
poorly reabsorbed substances such as urea or 
mannitol This phenomenon is known as os- 
motic diuresis Sodium excretion is mcreased 
because the presence of the other solute de- 
presses sodium reabsorption in the proximal 
tubule As sodium is reabsorbed, the other sol- 
ute, which remains behind m the tubule, forms 
a larger and larger fraction of the total solute 
Since the fluid retams the same total solute 


concentration as the blood, the sodium concen 
tration must fall, the decrease in concentration 
impairs reabsorption 

Excretion of Poorly Reabsorbed Anions or 
Anions Subject to Tubular Excretion When 
large amounts of some anion are excreted in 
the urine, there must be an equivalent amount 
of cation excreted To some extent sodium 
may be substituted for by potassium, ammo 
mum, or hydrogen ions, but the capacity to do 
this is limited Thus, under conditions where 
large amounts of sulfate, phosphate, p-amino 
hippurate (PAH), etc , are excreted, sodium 
excretion is increased 

Specific Inhibition of Sodium Transport. 
The commonly used diuretics, — organic mer- 
curials, thiazide diuretics, furosemide, etha- 
crynic acid, carbonic anhydrase inhibitors, 
etc , all owe their efficacy to the capacity to 
depress sodium transport by the renal tubules 

EXCRETION OF POTASSIUM 

Potassium holds a unique place among the 
normal constituents of the blood and urine in 
being subject to both reabsorption and secre 
tion by the tubules The average rate at which 
potassium is excreted in the urine is only 
about 15% of the rate at which it is filtered at 
the glomeruli, on the other hand, if large 
amounts of potassium salts are administered, 
or if the secretion of hydrogen ion is inhibited, 
the rate of excretion of potassium may rise to 
levels equivalent to twice the rate at which it 
is filtered There is considerable evidence to 
support the view that, even when the amount 
excreted is less than that filtered, the potas- 
sium m the urine is derived largely from tu- 
bular secretion (Berliner, 1961) 

The bulk of potassium reabsorption occurs 
m the proximal tubule The process m this 
segment if probably passive since the potas- 
sium concentration in the convoluted portion 
does not differ appreciably from that in 
plasma Reabsorption continues beyond the 
convoluted portion of the proximal tubule 
since only a small fraction of the filtered po- 
tassium remams when the fluid enters the 
distal convoluted tubule 

The potassium secretory process begins in 
the distal convoluted tubules and continues 
mto the collecting system The process is, m 
effect, an exchange of potassium ions for so- 
dium ions, the reabsorption of sodium setting 
up an electrical gradient with the lumen of the 
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tubule strongly negative This electrical gra- 
dient causes potassium ions to diffuse into the 
lumen through the distal tubule lining which 
has a high permeability to potassium Thus 
sodium reabsorption provides the driving force 
for potassium secretion This driving force is 
opposed by active transport of potassium out 
of the lumen, the actual amount of potassium 
at any point along the distal system being de- 
termined by the balance of these two proc- 
esses When the supply of sodium is exhausted 
before the end of the nephron, the driving 
force provided by sodium reabsorption falls off 
and potassium is reabsorbed sometimes to 
very low levels 

The rate of potassium excretion is deter- 
mined by several factors 1) The concentration 
of potassium m cells, particularly the renal 
tubule cells The concentration of potassium m 
the plasma has little influence on potassium 
excretion except insofar as cell potassium con- 
centration tends to vary with plasma concen- 
tration Such an arrangement is highly reason- 
able since potassium is primarily an intracel- 
lular ion, and it is, therefore, the cell potas- 
sium to which excretion should be related 2) 
The amount of sodium remaining as the end of 
the distal tubule system is reached (Davidson 
et al , 1958) Thus, paradoxically, since sodium 
IS reabsorbed as potassium is secreted, sodium 
and potassium excretion frequently vary m 
parallel rather than inversely 3) The acid-base 
status In general, alkalosis increases the secre- 
tion of potassium and acidosis depresses it 
The effect, in all probability, is upon the ini- 
tial step in potassium secretion, the uptake of 
potassium into the cells at their contraluminal 
cells (Malmc et al , 1971) The uptake of potas- 
sium into cells generally is enhanced by alka- 
losis and decreased by acidosis 4) Tolerance to 
potassium For reasons that are not entirely 
clear potassium excretion is facilitated by re- 
peated administration of potassium (Thatcher 
and Radike, 1947) 

renal regulation of 
ACID-base balance 

Under normal conditions the diet provides a 
number of sources of potential acid The or- 
ganic phosphorus of proteins and phospho- 
lipids is converted to phosphoric acid, the 
sulfur of the sulfur-containing ammo acids is 
converted to sulfuric acid When ammonium 
chloride is ingested, the ammonium ion is 


converted to urea and hydrogen ion leaving 
hydrochloric acid as the end product If cal- 
cium chloride is ingested, the calcium may be 
excreted in the stool as the insoluble salts of 
organic acids (such as fatty acids), and hydro- 
chloric acid is absorbed Under abnormal con- 
ditons (starvation, diabetic ketosis) large 
amounts of organic acid may be produced, well 
beyond the capacity of the body to oxidize this 
acid to carbon dioxide 

In the usual dietary circumstances the die- 
tary sources of acid predominate o\er the 
sources of alkali, but the latter may be m ex- 
cess with certain intakes Fruits and vegeta- 
bles abound in the salts of organic acids The 
organic anions are oxidized to CO 2 leaving the 
bicarbonates of sodium and potassium In ad- 
dition the intake may include sodium or potas- 
sium bicarbonate as such 

Acid or alkali entering the body fluids react 
with the buffers of these fluids and the pH 
change which occurs is thereby minimized 
The most abundant buffer system of extracel- 
lular fluid is that made up of bicarbonate and 
carbonic acid and the bulk of the extracellular 
buffering is therefore involved with this 
system Because it must provide the major 
part of the alkali to neutralize any acid gaming 
access to the extracellular fluid, the bicar- 
bonate concentration has been designated the 
alkali reserve and can be considered a measure 
of the degree of acidosis or alkalosis (even 
though, by respiratory compensation, changes 
of bicarbonate concentration may be accompa- 
nied by only minimal changes in pH) 

Acid added to extracellular fluid reacts 
chiefly with bicarbonate to yield carbonic acid 
and the salt of the acid The carbonic acid m 
turn yields CO 2 which is excreted in the lungs 

H+A- + Na+HCOs” ^ Na+A" + H2CO3 

jr 

H2O + CO2 

The result is the replacement, m the extracel- 
lular fluid, of one equivalent of bicarbonate 
with one equivalent of the anion of the acid 
The anion (A”) will eventually be excreted m 
the urine If it is excreted as the sodium salt, 
the form in which it exists in plasma, the 
overall result will have been the disappearance 
from the extracellular fluid of 1 mole of so- 
dium bicarbonate for each mole of HA added 

The buffer capacity of the extracellular fluid 
can be restored only by regaining a mole of 
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sodium bicarbonate This mi5?ht be done if 
instead of excreting the sodium salt (NaA) m 
the urine the kidne> were able to dispose of 
the free acid HA thus res^enerating sodium 
bicarbonate This would amount to a reversal 
of the reactions abo\e 

H2O -- CO2 -> H2CO3 + Na-A- 

Na^HCOs' + HA -» (urine) 

This, in fact, the kidney is able to do by virtue 
of its capacity to produce urine considerably 
more acid (down almost to pH 4) than the 
blood (pH 7 4) Thus to the extent that any 
acid is un-ionized at the pH of the urine, that 
acid may be disposed of directly, with regener- 
ation and recovery of the bicarbonate by which 
it was temporarily buffered in the extracellular 
fluid 

The extent to which an acid is un-ionized at 
a given pH can be deduced from the Hen- 
derson-Hasselbalch equation 

pH = pK -f- log [A-]/[HA] 

This may be rearranged m the form pK - pH 
= log [HA] - log [A“] to indicate more clearly 
that when the pH is lower than the pK of the 
acid concerned there will be more un-ionized 
acid than salt Thus, any acid which has a pK 
higher, or not murh lower than the pH of the 
urine, can be excreted to an appreciable ex- 
tent in un-ionized form Acids with pK’s high 
enough to appear in the urine in undissociated 
form to an appreciable extent are monobasic 
phosphate (H2PO4" ^ HPO4" + H^), pK 
6 80, jd-hydroxybutync acid, pK 4 7 and creati- 
nine (CrH^ — Cr + H+), pK 5 0 

For most acids which enter the extracellular 
fluid, excretion as the undissociated acid is 
impossible Hydrochloric and sulfuric acids are 
completely dissociated at all pH’s At a urine 
pH as low as 4 0, the concentration of hydro- 
chloric or sulfuric acid would be only 10" n 
or 0 1 mEq /liter Even weak acids having 
pK’s much below 5 must be excreted almost 
entirely as salts In the excretion of such acids, 
then, some other mechanism is required if bi- 
carbonate is to be regained to replace that 
originally lost in neutralizing them This is 
accomplished by the generation of ammonium 
ion from neutral precursors and the substitu- 


Although more acid urine can be formed, the 
urine pH is not often below 5 0 and is more com- 
monly around 6 


tion of ammonium ion for sodium ion in the 
urine The acids are excreted as ammoniuir 
salts, the sodium is returned to the extracel 
lular fluid as sodium bicarbonate The o\erar 
reaction may be considered to be the tol 
lowing 

RNHa - HOH — ^ NH 3 ^ ROH (which ma\ then be 
oxidized to CO 2 and H2O) 

NH3 + Na^A- + H2CO3-- 

NH 4 '^A- (to urine) + Na^HCOj 

Neither of these reactions nor those indicated 
above should be interpreted as indicating the 
actual processes which take place m the 
kidney Thev represent the net results of a se 
ries of reactions 

Thus acids are disposed of without loss of 
alkali reserxe I) by excretion of weak acids in 
their un-ionized form and 2) by the substitution 
of ammonium ion for sodium ion in the excre 
tion of their salts The disposal of excess alkali 
is more direct Alkali appears in the extracel 
lular fluid as bicarbonate (B+OH" -f CO2 
B'^HCOs") and is excreted in the urine as 
that bicarbonate which escapes reabsorption 
in the tubules This background concerning 
the nature of the overall processes will serve 
as an introduction to the renal mechanisms 
that determine the excretion of acid or alkali 

Three processes are important in regulating 
the amount of acid or alkali excreted 1) the 
filtration of bicarbonate at the glomeruli, 2) 
the transport mechanism by which bicarbonate 
is reabsorbed and the urine rendered acid, and 
3) the synthesis of ammonia by the cells of the 
renal tubule 

The glomerular filtrate contains bicarbonate 
at a concentration essentially identical to that 
in plasma Micropuncture studies have 
shown that there is some variation m the pH 
and bicarbonate concentration as the fluid 
flows through the proximal convoluted tubule 
Under normal conditions in the dog, the bicar 
bonate concentration, and hence the pH, is 
close to that in plasma When plasma bicar- 
bonate IS reduced by acidosis, the bicarbonate 
concentration falls in the proximal tubule to 

Because the plasma proteins are nonfilterable 
anions, a Donnan equilibrium is set up across the 
glomerular membrane, and all monovalent filter 
able anions, including bicarbonate, are about 5 per 
cent more concentrated m glomerular filtrate than m 
plasma water All monovalent filterable cations, m 
eluding H"^, are about 5 per cent less concentrated 
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levels one-half to one-quarter that in plasma 
Since the tubule has a very high permeability 
to CO2, the carbon dioxide tension and, hence, 
the carbonic acid concentration in the lumen 
are very close to those of plasma Thus the 
denominator in the Henderson-Hasselbalch 
equation, 

pH = 6 1 4 - log ([HCOs-j/LH^COa]), 

remains constant and pH vanes directly with 
the log [HCO3"] It should be noted that even 
though the bicarbonate concentration may 
change but little in the proximal tubule, most 
of the filtered bicarbonate is usually reab- 
sorbed in this segment as a consequence of the 
reabsorption of a large fraction of the filtered 
volume 

In the distal tubule the urine is further acid- 
ified, and the process continues into the col- 
lecting ducts The major reduction in pH oc- 
curs in the distal parts of the nephron (Mont- 
gomery and Pierce, 1937), but this does not 
necessarily indicate that the reabsorption of 
base occurs predominantly in the latter seg- 
ments As bicarbonate is removed from the 
tubule lumen, changes in the pH of the re- 
maining fluid will depend upon the changes in 
volume of the remaining fluid If bicarbonate 
removal proceeds more rapidly than volume 
decreases, the bicarbonate concentration falls 
and the pH likewise falls since the concentra- 
tion of carbonic acid remains constant (see 
above) If the volume of the remaining tubular 
fluid diminishes more rapidly than does the 
amount of bicarbonate remaining, the pH of 
the fluid will rise Thus, the degree to which 
the urine is acidified depends not only upon 
the rate of bicarbonate removal, but on the 
relationship of the removal rate to the rate of 
removal of water Consequently, the produc- 
tion of urine more alkaline than plasma re- 
quires only that a greater fraction of the fil- 
tered water than of the filtered bicarbonate be 
reabsorbed 

mechanism of urine acidification 

Secretion of Hydrogen Ions Largely as the 
result of the studies of Pitts and his associates, 
(1945, 1946, 1948, Sartorius et al , 1949, Pitts, 
1948), the process by which bicarbonate re- 
nioval is effected is generally accepted as 
being one in which hydrogen ion is secreted by 
the cells of the renal tubule in exchange for 


sodium ions The mechanism may be conven- 
iently depicted as follows (Fig 5 10) In the 
renal tubule cell, as a result of energy-re- 
quiring processes, hydrogen ion and h>droxyl 
ion are generated from water in spatially sepa- 
rated loci The hydrogen ion enters the tubule 
lumen in exchange for a sodium ion which is 
taken into the ceil Meanwhile the hydroxyl 
ion IS buffered within the cell by reacting with 
carbonic acid to yield bicarbonate ion and 
water The bicarbonate and sodium ions are 
extruded into the extracellular fluid The car- 
bonic acid IS regenerated by the hydration of 
carbon dioxide, the latter may be derived from 
either the metabolic processes within the cell 
or from the carbon dioxide of the blood and 
extracellular fluid 

The regeneration of the carbonic acid pro- 
ceeds rapidly only in the presence of the en- 
zyme carbonic anhydrase and this step may 
become rate-limitmg in the overall process 
When the production of carbonic acid is im- 
paired by inhibition of the enzyme, the con- 
centration of carbonic acid in the cell falls and 
with it the hydrogen ion concentration (Hober, 
1942) Since the rate at which hydrogen ion is 
extruded in exchange for sodium ion is related 
to the hydrogen ion concentration in the cell, 
the rate of secretion of hydrogen ion is dimin- 
ished Thus inhibition of carbonic anhydrase 
diminishes the secretion of hydrogen ion and 
all of the processes dependent upon the secre- 
tion of hydrogen ion 

It should be noted that in the above process, 
for each hydrogen ion extruded, one equivalent 
of sodium as the bicarbonate is added to the 
extracellular fluid and this result is inde- 
pendent of the fate of the hydrogen ion in the 
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Fig 5 10 Hypothetical cellular processes in the 
secretion of hydrogen ion in exchange for sodium 
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Fig 5 11 Fate of hydrogen ion secreted into tubule 
lumen in exchange for sodium a) Formation of titratable 
acid b) formation of ammonium ion c) reabsorption of 
filtered bicarbonate Modified from figure of Orloff 1956 

tubule lumen (Fig 5 11) The fate of the hy- 
drogen ion that enters the lumen in exchange 
for a sodium ion depends upon the composi- 
tion of the fluid that it enters 
Acid added to any buffered solution is dis- 
tributed among the buffers of that solution in a 
predictable way depending upon the relative 
concentrations of the buffers and their pK 
values Any change in hydrogen ion concentra- 
tion must affect all the buffers present since 
all must satisfy their ionization constants The 
amount of hydrogen ion distributed to each 
buffer will be directly proportional to the con- 
centration of the buffer and inversely related 
to the difference between the pH of the solu- 
tion and the pK of the buffer 

We may consider as an example the secre- 
tion of hydrogen ion into the proximal renal 
tubule The buffers contamed in the glomer- 
ular filtrate may be considered to be bicar- 
bonate (pK' 6 1) at a concentration of about 27 
mmoles/liter and phosphate (pK 6 8) at a con- 
centration of about 1 5 mmoles/liter Because 
it IS present in much higher concentration, 
bicarbonate will take up most of the hydrogen 
ion secreted even though the pH of the fluid 
(7 4) is closer to the pK of phosphate Thus, m 
the proximal tubule most of the added hy- 
drogen ion reacts with bicarbonate 

H+ -F HCO3' H2CO3 H2O -f- CO2 

The result of hydrogen ion addition, then, is 
the conversion of bicarbonate ion to CO 2 and 
water, and the CO 2 diffuses out of the tubule 
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lumen to extracellular fluid Thus the ex 
change of a mole of sodium ion for a mole of 
hydrogen ion has resulted m the removal of a 
mole of sodium bicarbonate from the glomer 
ular filtrate even though no bicarbonate ion 
has crossed the membrane separating lumen 
from tubule cell Instead, the bicarbonate ion 
that enters the extracellular fluid is generated 
independently in the tubule cell 

In the distal tubule the situation may be 
quite different Suppose that the proximal 
tubule’s capacity for phosphate reabsorption 
has been saturated so that half of the filtered 
phosphate has escaped reabsorption and 
reaches the distal tubule At the same time the 
volume of the fluid flowing through the tubule 
has been greatly diminished by the processes 
of reabsorption, so that we may assume that at 
some point in the distal tubule only 5% of the 
glomerular filtrate remains The phosphate 
concentration in the fluid will then have 
reached a value ten times that in the glomer 
ular filtrate or 15 mmoles/liter Now the hy- 
drogen ion secreted into the fluid will to a very 
considerable extent react with dibasic phos 
phate, converting it to monobasic phosphate 

-F HPO,= ^H2P04- 

As the pH falls, the concentration of bicar 
bonate diminishing rapidly, a greater propor 
tion of the hydrogen ion will be taken up by 
other buffers At pH 6 1, the bicarbonate con 
centrations will be only about 1 4 mEq /liter, 
at 5 1 about 0 14 mEq /liter 

It is important to note that as hydrogen ion 
reacts with bicarbonate the resulting undisso- 
ciated acid (H2CO3) disappears from the urine 
(as CO 2) The hydrogen ion that reacts with 
other weak acids, however, remains and can be 
detected in the final urine m the form of ti- 
tratable acid The amount of the latter can be 
determined as the amount of alkali required to 
titrate the urine back to the pH of plasma, and 
is equal to the amount of hydrogen ion ex- 
pended and sodium bicarbonate regenerated m 
the conversion of the buffer salt (as it existed 
in plasma) to the buffer acid as it appears m 
the urine The titratable acid, therefore, is a 
very poor measure of the amount of hydrogen 
ion secreted by the renal tubules since most of 
the acid produced by this secretion is carbonic 
acid which is dissipated 

However, from the standpoint of the regula- 
tion of the acid-base balance of the body, the 
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situation IS reversed That part of the secretion 
of hydrogen ion which is expended in reab- 
sorbing bicarbonate from the glomerular fil- 
trate serves an important conservative role in 
preventing loss of bicarbonate from the body, 
but its overall effect is only to return to the 
extracellular fluid that which it previously had 
lost for a time into the glomerular filtrate The 
excretion of titratable acid, however, repre- 
sents the addition of extra sodium bicarbonate 
to the extracellular fluid, replacing the neutral 
salt (Na+A“) which it had previously con- 
tained This, then, is an addition to the alkali 
reserve and as such can be used to balance off 
the acid products of ingestion and metabolism 

The excretion of titratable acid is a process 
m which there is a net gam of alkali reserve, 
but it is a process of limited potentiality, lim- 
ited by the capacity of the kidney to reduce 
the pH of the urine and by the amount of weak 
acid of suitable pK excreted in the urine This 
process alone would be unable to maintain the 
alkali reserve against the continued addition to 
extracellular fluid of even most of those acids 
that can be excreted to a considerable extent 
m un-iomzed form Thus, ^d-hydroxybutyric 
acid can be excreted about half as the free 
acid, half as the salt The excretion of titrat- 
able acid can therefore dimmish the attrition 
of body buffer by about one-half, but the con- 
tinued production of this acid would eventu- 
ally exhaust the extracellular bicarbonate 
supply Of course, the production of titratable 
acid contributes nothing to balancing off the 
effects of the ingestion or production of strong 
mineral acids The latter effects are overcome 
by the production and excretion of ammonium 
ion in place of so-called “fixed cation” (largely 
sodium and potassium) 

Excretion of Ammonia. The source of uri- 
nary ammonia was the subject of debate for 
many years That the ammonia is produced m 
the kidney was established by the studies of 
Nash and Benedict (1921) who showed that 
more ammonia left the kidney m renal venous 
blood than entered m the arterial blood The 
experiments of Van Slyke and his associates 
(1943) demonstrated that a major fraction of 
the urinary ammonia was derived from the 
amide nitrogen of glutamine 

Glutamine -> NH 3 -h glutamic acid 

The more recent work of Pitts (1964) has 
shown that much of the remainder is derived 


from the ammo group of glutamine Ammonia 
can also be produced by the oxidative deami- 
nation of a number of ammo acids (glycine, 
alanine, leucine, aspartic acid) but under ordi- 
nary conditions the urinary ammonia appears 
to be derived from glutamine and asparagine 
with smaller contributions from glycine, citrul- 
line, tryptophan, and proline 

Ammonia, produced in the cells of the renal 
tubules, enters and accumulates in the renal 
tubules by simple diffusion The nature of the 
process by which this accumulation takes place 
may be understood from a consideration of the 
nature of cell membranes and the solubility 
characteristics of weak electrolytes (Orioff and 
Berliner, 1956) 

Most cell membranes that have been studied 
have the characteristics of lipid layers per- 
meated by aqueous pores which occupy only a 
very small part of the total surface area Sub- 
stances that are highly soluble in lipid can 
penetrate the entire surface of the cell, while 
those that are highly water-soluble and lipid- 
insoluble can penetrate only through the 
aqueous pores Lipid soluble materials, there- 
fore, diffuse in and out of cells very much 
more rapidly than water-soluble substances 
Among the latter are most ions, ionized com- 
pounds are, in general, highly water-soluble 
and poorly soluble in lipid On the other hand, 
many un -ionized substances are highly soluble 
in lipids (provided they are not highly polar 
compounds, e g , sugars, urea, short-chain alco- 
hols, etc ) In accord with these generaliza- 
tions, the ammonium ion (NH 4 +) is highly 
water soluble and would be expected to pene- 
trate cell membranes poorly, on the other 
hand, free ammonia (NH 3 ) is highly lipid-sol- 
uble and penetrates cells quite readily 

Now suppose we have two aqueous solutions 
of different pH separated by a membrane 
having the characteristics of the lipid layer 
discussed above To such a system ammonia is 
added The ammonia, being highly hpid-solu- 
ble, will penetrate the membrane readily and 
will reach equilibrium when the concentration 
of the free ammonia (NH 3 ) is the same on both 
sides of the membrane However, in each solu- 
tion ammonia will react with hydrogen ion to 
yield ammonium ion 

NHs 4- H"- ^ NH4-^ 

This reaction will be continuously at the equi- 
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librium required by the dissociation equation 
[H-][NH3]/[NH,--] 
or 

pH = pK^ + log [NH 3 ]/[NH,-^], pK^ = 89 

Since [NH3] IS the same on both sides of the 
membrane, the numerator of last term may be 
considered a constant and the log [NH4'*’] will 
vary inversely with the pH Thus, a decrease 
m pH of one unit will yield a 10-fold increase 
in ammonium ion concentration Since the 
free ammonia constitutes a very small part of 
the total (NH3 4- NH4^) the total will vary 
pretty much as the concentration of ammo- 
nium ion 

This model may be considered to approxi- 
mate the situation in the kidney where the 
solution on one side of the membrane repre- 
sents the contents of the renal tubule cells m 
which ammonia is produced and the other side 
of the membrane, the fluid in the lumen We 
may consider the pH of the intracellular fluid 
and its ammonia concentration to be main- 
tained relatively constant and ammonia to 
accumulate in the lumen until the free am- 
monia concentration is approximately the 
same on both sides and the ammonium ion 
concentration in the lumen that required by 
the urinary pH The concentration of ammo- 
nium ion will therefore increase as urine pH 
decreases 

Because several assumptions involved in this 
model are only approximations, the actual 
ammonia excretion vanes with pH appreciably 
less than would be predicted (Orloff and Ber- 
liner, 1956) A urinary pH change of two to two 
and a half units is required to yield a 10-fold 
change in ammonia excretion (The idealized 
model would indicate a tenfold change with 
each pH unit ) It should be noted that as NH3 
diffuses mto the urine, hydrogen ion is titrated 
and the pH of the urine tends to become ele- 
vated, the pH difference would disappear if it 
were not maintained by the continuous secre- 
tion of hydrogen ion 

Ammonia appears in the tubule lumen wher- 
ever the tubule fluid has a pH low enough to 
permit the trapping of ammonia as ammonium 
ion It thus appears in the proximal tubule 
when the pH falls appreciably below that of 
plasma (normally in the rat, m metabolic aci- 
dosis in the dog) As urine pH approaches its 
minimum in the distal nephron, each hydrogen 


ion secreted mto the lumen must be neutral 
ized by capture of NH3 to form an ammonum 
ion before another hydrogen ion can be se 
creted 

The excretion of ammonia like the excretior 
of titratable acid represents replenishment 0 
the body’s alkali reserve Quantitatively it rep 
resents, under most conditions, the more im 
portant contribution to the maintenance of the 
acid-base balance of the body The sum of ti 
tratable acid and urinary ammonium ion rep 
resent the net gain of sodium bicarbonate foi 
the body fluids as a result of the process oi 
urine formation (In estimating body balance, 
it IS necessary to subtract from this total an^i 
bicarbonate excreted in the urine ) 

A striking and unique feature of ammonia 
formation and excretion is the phenomenon of 
adaptation If an individual is given an acidi- 
fying regimen (such as the administration of 
ammonium or calcium chloride or the feeding 
of a strongly acid-ash diet), there is a gradual 
m crease, over a period of three to five days, of 
the excretion of ammonia in the urine This 
increase is independent of changes in urinary 
pH (which occur very much more rapidly) and 
the amount of ammonia m the urine is eventu 
ally greater at each pH than it was before the 
acidifying stimulus was started The adminis- 
tration of alkali has an effect exactly the re- 
verse of the administration of acid Neither the 
nature nor the immediate stimulus to this 
adaptation are too clearly established It un- 
doubtedly involves a modification in the enzy- 
matic mechanism by which ammonia is pro- 
duced and presumably a rise m the concentra- 
tion of ammonia in the cells in which it is pro- 
duced 

In the rat, but not in the dog, it can be 
shown that glutammase activity is increased 
(Davies and Yudkin, 1952, Rector and Orloff, 
1959) The overall behavior of ammonia excre- 
tion in man resembles that in the dog more 
closely than in the rat For instance, if acidosis 
is produced by the administration of inhibitors 
of carbonic anhydrase which cause massive 
loss of bicarbonate in the urine, ammonia ex- 
cretion and glutammase activity increase 
markedly in the rat, but ammonia excretion 
remains at a level related only to urine pH in 
both man and dog There is no evidence of 
adaptation of the sort produced by the admin- 
istration of acidifying salts 

The stimulus to adaptation is also not clear 
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It IS obviously m some way related to the in- 
take of acid, but it does not appear to depend 
on the degree of acidosis, ammonia excretion 
remaining high when, as a result of the adapta- 
tion, plasma bicarbonate has been restored 
essentially to normal 

Quantitative Aspects of Urine Acidifica- 
tion As with all processes of urinary excre- 
tion, the urinary acidification is dependent 
upon the balance between glomerular filtration 
and tubular reabsorption In this case, the 
important characteristic of the filtrate is its 
bicarbonate concentration We will postpone 
consideration of those factors which modify 
the secretion of hydrogen ion by the renal tu- 
bules and consider first the effect of changes in 
plasma bicarbonate concentration 

We must first take note of the fact that for 
reasons that have not been determined, the 
capacity of the tubules to reabsorb bicarbonate 
varies with the rate of glomerular filtration but 
not with the plasma bicarbonate concentra- 
tion The concentration of bicarbonate in the 
glomerular filtrate is therefore a far more im- 
portant determinant of bicarbonate excretion 
than the total amount of bicarbonate filtered 
To take this into account and to present the 
reabsorption and excretion of bicarbonate as 
an orderly, predictable phenomenon, it is the 
practice to divide the amounts filtered, reab- 
sorbed and excreted by the rate of glomerular 
filtration and to present the data as the 
amount reabsorbed, etc , per 100 ml or per 
liter of glomerular filtrate 

When the plasma bicarbonate concentration 
is low, the urine is acid and essentially free of 
bicarbonate, all of the filtered bicarbonate is 
reabsorbed As the plasma bicarbonate concen- 
tration IS increased, the urine remains essen- 
tially free of bicarbonate until the concentra- 
tion approaches approximately 28 mEq /liter 
Bicarbonate then begins to appear in the urine 
and as the plasma concentration increases fur- 
ther bicarbonate reabsorption remains vir- 
tually constant at 28 mEq /liter of glomerular 
filtrate, and the excess is excreted in the urine 
This is illustrated in Figure 5 12 This tends to 
produce stabilization of the plasma bicar- 
bonate concentration at its normal level of 27 
to 28 mEq Alter When the plasma bicarbonate 
falls below this level, the filtered bicarbonate 
IS completely reabsorbed and conserved If the 
plasma bicarbonate rises appreciably above 28 
mEq Alter, the excess is excreted and the 



Plasma Bicarbonate (mMols/L) 

Fig 5 12 Relationship between plasma bicarbonate 
and reabsorption and excretion of bicarbonate in man 
(Pitts Ayer and Schiess 1949) 

plasma bicarbonate tends to return rapidly to 
normal 

It should be noted that, to the extent that 
the capacity of the tubule to secrete hydrogen 
ion IS expended m the reabsorption of bicar- 
bonate, no appreciable amount is available to 
appear as titratable acid or ammonia Thus, 
when the plasma bicarbonate is close to 28 
mEq Alter, essentially all of the filtered bicar- 
bonate will be reabsorbed but there will be 
little titratable acid and ammonia in the urine 
(reflecting the fact that the urine pH will not 
be very low) However, when the plasma bicar- 
bonate drops lower the bicarbonate of the glo- 
merular filtrate may be exhausted before the 
capacity to secrete hydrogen ion is fully uti- 
lized, and a variable part of the remaining 
capacity will appear as titratable acid (de- 
pending on the rate of excretion of buffer acid) 
or as ammonium ion (depending upon the rate 
of production of ammonia) 

It is also noteworthy that the amount of ti- 
tratable acid and ammonia in the urine is a 
poor indication of the capacity of the tubules 
to secrete hydrogen ion because, if plasma bi- 
carbonate IS low, hydrogen ion secretion stops 
when the urine pH gets too low and before all 
the capacity for hydrogen -sodium exchange is 
utilized Thus, the capacity to secrete hy- 
drogen ion can be evaluated only when there is 
bicarbonate left over from the process — that is, 
when the urine is alkaline 

Factors Modifying the Rate of Secretion 
of Hydrogen Ion. Under ordinary conditions 
of acid-base balance, with a normal carbon 
dioxide tension in the blood, a normal cell 
potassium concentration, etc , the capacity to 
secrete hydrogen ion in exchange for sodium is 
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about 28 mEq Alter of glomerular filtrate as 
mdicated in the preceding discussion This 
tends to maintain the plasma bicarbonate con- 
centration at about 28 mEq Alter The ca- 
pacity to secrete hydrogen ion may be varied 
m response to several factors 

Carbon Dioxide Tension When the carbon 
dioxide tension is increased (respiratory aci- 
dosis) the plasma bicarbonate concentration 
increases by titration of the blood buffers, and 
the pH change attributable to the increased 
carbonic acid concentration is minimized The 
elevated plasma bicarbonate concentration 
persists, and the maintenance implies an in- 
crease m bicarbonate reabsorption (hydrogen 
ion secretion) by the renal tubules Indeed, 
such an increase in bicarbonate reabsorption is 
demonstrable immediately upon elevation of 
the carbon dioxide tension (Reiman et al , 
1953, Brazeau and Gilman, 1953) If elevation 
of the carbon dioxide tension is maintained for 
extended periods there is a further increase in 
the capacity to secrete hydrogen ion, the na- 
ture of this further adaptation is unknown 
(Sullivan and Dorman, 1955) Decreases in 
carbon dioxide tension (respiratory alkalosis) 
have exactly the opposite effects, reducing 
renal bicarbonate reabsorption (hydrogen ion 
secretion) and causing stabilization of the 
plasma bicarbonate concentration at a reduced 
level 

The effects of changes m carbon dioxide ten- 
sion on hydrogen ion secretion are readily in- 
terpreted m terms of the hypothesis that the 
rate of secretion of hydrogen ion is directly 
related to the hydtogen ion concentration of 
the tubule cells The concentration of dis- 
solved CO 2 IS directly related to the carbon 
dioxide tension (PCO 2 ) and the concentration 
of carbonic acid (H 2 CO 3 ) is directly propor- 
tional to the PCO 2 Since cell membranes 
have a very high permeability to CO 2 , all 
changes m extracellular P CO 2 are reflected by 
similar changes in intracellular PcOz Thus 
intracellular pH falls when extracellular PcOa 
is elevated and vice versa (On the other hand, 
changes m extraceljular bicarbonate concentra- 
tion are probably not regularly reflected by 
parallel changes m intracellular bicarbonate 
and pH ) 

Potassium Metabolism The secretion of 
hydrogen ion is depressed when potassium is 
administered so that the urine frequently be- 
comes alkahne even though the plasma bicar- 


bonate concentration is low Conversely, in the 
presence of potassium depletion the rate of 
secretion of hydrogen ion is enhanced so that 
the plasma bicarbonate concentration becomes 
stabilized at an elevated level 

The effects of potassium on hydrogen ion 
secretion presumably reflect the fact that the 
rate of secretion of hydrogen ion is dependent 
upon the pH of the secreting cells and that 
when cells lose potassium they become more 
acid while when they gam potassium they be- 
come less acid (Orloff et al , 1953) 

Chloride Balance When loss of chloride has 
been incurred in the course of elevation of the 
plasma bicarbonate, the excretion of the excess 
bicarbonate must lead to a contraction of ex- 
tracellular fluid volume unless chloride is 
available from the intake to replace the bicar- 
bonate In the absence of such chloride intake, 
urine acidification continues at a high level 

Carbonic Anhydrase The role of carbonic 
anhydrase and the effect of inhibition of this 
enzyme have been discussed earlier Under 
normal conditions the activity of carbonic 
anhydrase is not rate-limitmg in hydrogen ion 
secretion although it may become so when in- 
hibited There is no evidence that adaptation 
to acid loads involves an increase in kidney 
carbonic anhydrase 

Adrenal Steroids The secretion of hydrogen 
ion participates m the enhancement of sodium 
reabsorption produced by aldosterone and 
other steroids with similar effects on electro- 
lyte metabolism 

PASSIVE REABSORPTION THE EXCRETION 
OF UREA 

Because passive reabsorption is the result of 
the active reabsorption of other constituents of 
the glomerular filtrate, it is appropriate to 
consider this relatively simple mechanism last 
The reabsorption of urea has long been consid- 
ered a typical example of this process Cer- 
tainly as the most abundant constituent of the 
urine and as one which fits m unique fashion 

There is evidence that in ruminants (sheep, 
camel) there is some sort of active renal conservation 
of urea when the animal receives a low protein in- 
take Active reabsorption from the collecting duct 
has also been demonstrated While it has also been 
suggested that there is a similar mechanism m man, 
the evidence is not convincing, and for the sake of 
didactic clarity, any such process will be disre- 
garded 
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into the formation of highly concentrated urine 
I Gamble et al , 1934), urea requires separate 
consideration 

Cell membranes generally have a high 
permeability to urea It is therefore not sur- 
prising that as the filtrate is reabsorbed from 
the renal tubules, tending to concentrate the 
urea in the remaining fluid, urea tends to dif- 
fuse out of the lumen What is more remark- 
able is the very considerable extent to which 
the urea concentration can be raised in the 
urine This appears to be due to two factors 1) 
an unusually low permeability to urea of the 
cells lining some segments of the renal tubules 
(it IS to be remembered that much of the tu- 
bule lining membrane also has a uniquely low 
permeability to water, especially in the ab- 
sence of antidiuretic hormone), and 2) a mech- 
anism for maintaining a high urea concentra- 
tion m the interstitial fluid (of the medulla) 
surrounding those portions of the nephron that 
contain fluid with the highest urea concentra- 
tions (the collecting ducts), in the latter case 
the concentration gradient driving the diffu- 
sion of urea out of the urine is minimized 
(Levmsky and Berliner, 1959) 

As IS characteristic of substances excreted 
by mechanisms involving passive reabsorption, 
the fraction of the filtered urea excreted in the 


urine vanes with the urine flow (Moller et al , 
1929, Shannon, 1936) The fraction of the fil- 
tered urea excreted is given by the ratio of 
the urea clearance (Cu) to the glomerular 
filtration rate At urine flows m excess of 
about 2 ml /min in individuals with normal 
renal function, there is relatively little further 
increase in the urea clearance with further ele- 
vation of urine flow up to the limits of water 
diuresis At this time the urea clearance aver- 
ages about 60 to 70% of the inulin clearance, 

1 e , about 30 to 40% of the filtered urea is 
reabsorbed If osmotic diuresis is superim- 
posed, the urine flow can be further increased, 
and under these conditions the excreted frac- 
tion of filtered urea increases further along a 
curve which may be extrapolated to suggest 
that no urea would be reabsorbed when no 
water was reabsorbed (Shannon, 1938) Con- 
versely, as urine flow decreases m antidiuresis 
the excreted urea diminishes to what may be 
only 15 or 20% of the filtered These phe- 
nomena are illustrated in Figure 5 13 from the 
data of Shannon obtained in the dog 
As was noted earlier, in the discussion of 
water excretion and reabsorption, the change 
from the low flow of concentrated urine to the 
high flow of water diuresis involves primarily 
modifications in the flow in the distal portions 



5 13 The ratio of urea clearance to creatinine clearance (Fraction of the filtered urea excreted in relation to 
the reabsorption of water as indicated by the U/P ratio of creatinine (Shannon 1938) 
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of the nephron The leabsorption of water that 
occurs m the proximal tubule is relatively un- 
affected Thus, the additional urea that is 
reabsorbed when water diuresis is interrupted 
IS logically considered to be reabsorbed in the 
distal tubule and collecting system Further- 
more, since m the absence of antidiuretic hor- 
mone these portions of the nephron have a low 
permeability to water, they may be expected 
to have a low permeability to urea as well It is 
thus logical to attribute the reabsorption of 
some 30 to 40% of the filtered urea to losses 
from the proximal tubule as water is reab- 
sorbed from that segment and to consider the 
losses from the distal portions of the nephron 
to be negligible in water diuresis As the frac- 
tion of the filtrate reabsorbed in the proximal 
tubule IS diminished in osmotic diuresis, the 
urea is concentrated to a lesser extent and less 
than the usual 30 to 40% is reabsorbed 
In antidiuresis, the reabsorption of water m 
the distal segments of the nephron system is 
markedly increased, at the same time, the 
permeability of the collecting duct to urea is 
also enhanced Both of these factors lead to an 
m crease in the diffusion of urea out of the 
urine in the distal portions of the nephron and 
account for the rapid falling off of the urea 
clearance as urine flow decreases to low levels 
Because the arrangement of the blood 
supply in the medulla constitutes a counter- 
current exchanger, urea escaping from the col- 
lecting ducts IS not easily carried away in the 
blood, as it IS in the cortex Instead, even a 
relatively slow leak of urea from the collecting 
ducts is sufficient to yield a high urea concen- 
tration in the peritubular region As a result, 
the urea concentration in the interstitial space 
of the papilla is almost as high as in the urine 
This has several important consequences 1) 
The amount of urea lost from the urine is re- 
duced because the concentration gradient is 
small 2) The osmotic effect of the urea in the 
collecting duct urine is counterbalanced 
largely by urea in the mterestitial space, the 
sodium chloride of the interstitial space, which 
initiates the urine concentrating process can 
be utilized to balance the osmotic effect of the 
non-urea solute, the urea being simply added 
to both sides of the intervening membrane 
Consequently, the urine can be made consider- 
ably more concentrated when urea is a major 
part of the excreted solute, and urea, the major 
product of protein catabolism, and, in fact, by 
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far the most abundant product of metabolism 
requiring urinary excretion, can thus be ex- 
creted largely in water already obligated for 
the excretion of other urinary solutes 3) Some 
of the urea enters the descending limb of the 
loop of Henle and recirculates through the 
distal tubule and collecting system In fact, 
the micropuncture studies of Lassiter, Gotts- 
chaik, and Mylie (1961) have shown that, m 
the antidiuretic rat, the urine flowing through 
the loops of Henle gams an amount of urea 
equivalent to about half of the amount filtered 
so that it would appear that a large part of the 
urea that escapes the collecting ducts recircu- 
lates through the distal tubule and that \er>^ 
little can leave the medulla via the blood m 
the vasa recta 

Because the level of the blood urea and the 
urea clearance are frequently used for the clin- 
ical evaluation of renal function, a brief discus- 
sion of these clinical indices is warranted 
Since the concentration of urea m red blood 
ceil water is the same as in the plasma, the 
concentration of urea m whole blood is only 
slightly lower than in plasma, the difference 
being due to the larger fraction of solids m the 
red cells Consequently, it has been the usual 
practice to base the clinical estimation of urea 
clearance on the measurement of urea m whole 
blood (although glomerular filtration operates 
only on plasma) Because of the variation of 
urea clearance with urine flow some account 
must be taken of this factor The convention 
which has been adopted has been to arbitrarily 
divide urea clearances into two classes When 
the urine flow exceeds 2 ml /mm the clearance 
of urea is calculated in the conventional 
fashion except for the substitution of B, the 
concentration in whole blood, for P, the con- 
centration in plasma The figure (IJV)/B ob- 
tained is called the maximal urea clearance 
and a value of 75 ml /min is accepted as the 
average normal It is sometimes the practice to 
divide the clearance ob tamed by 75 and ex- 
press the result as a per cent of normal 

When the urine flow is less than 2 ml /mm , 
some correction is necessary to take into ac- 
count the marked effect of urine flow change 
on urea excretion It has been found empiri- 
cally that, in normal individuals, if the clear- 
ance IS divided by the square root of the urine 
flow (\/V) the value obtamed is relatively in- 
dependent of urine flow provided the latter is 
less than 2 ml /min This figure is referred to 
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as the standard urea clearance and is equal to 
(UV/B) X (l/\/V) = 

It has an average normal value of 54 and, 
again, the result obtained is often expressed as 
a percent of the normal value 
When urea clearances are measured, every 
attempt should be made to assure a urine flow 
m excess of 2 ml /mm since the maximal urea 
clearance is more clearly related to the value 
which one wishes to estimate, the rate of glo- 
merular filtration 

The blood urea concentration is also, in a 
rough way, related to the rate of glomerular fil- 
tration However, it is subject to modification 
by factors that do not affect the urea clear- 
ance, namely the intake and metabolism of 
protein and other nitrogen sources For this 
reason the urea clearance is a much more reli- 
able index of renal function 
For the individual in nitrogen balance, al- 
most the entire nitrogen intake is excreted in 
the form of urea The excretion of urea is in 
the long term equal to the formation of urea 
Therefore, if we were to consider the daily ex- 
cretion of urea as a sort of 24-hr determina- 
tion of urea clearance we would have 

Cu = UV/B = rate of nitrogen turnover/B 
and 

B = rate of nitrogen turnover/Cu 

Thus, we see that the blood urea is inversely 
related to the filtration rate to the extent that 
the urea clearance is related to the filtration 
rate, but m addition it is also directly propor- 
tional to the nitrogen turnover The latter 
factor is eliminated when the urea clearance is 
determined 

NON-IONIC DIFFUSION 

The excretion of weak electrolytes is fre- 
quently modified by diffusion dependent upon 
the dissociation characteristics of the sub- 
stance concerned The phenomenon is entirely 
analogous to that involved in the entrance of 
ammonia into the urine, a process which was 
discussed in some detail above It was pointed 
out that un-ionized weak electrolytes fre- 
quently penetrate cell membranes very much 
more readily than their ions As a result when 


cell membranes separate two aqueous phases 
of differing pH, the weak electrolyte accumu- 
lates in that phase m which the pH requires 
that the ratio of ionized to un-ionized weak 
electrolyte is higher The same considerations 
apply to a number of other weak electrolytes, 
not only weak bases such as ammonia but 
weak acids as well Most of the substances the 
excretion of which has been shown to involve 
this type of mechanism are foreign to the 
body, but it is highly probable that a number 
of normal constituents are also involved al- 
though they have not been studied m detail 
Some of those drugs which have been shown to 
be excreted by mechanisms involving proc- 
esses of nonionic diffusion are bases (quinine, 
atabrme, neutral red, mecamylamine) and 
acids (salicylates, phenobarbital) As opposed 
to the situation with respect to ammonia, 
which is produced in the tubule cells, the two 
phases of differing pH involved m excretion of 
these foreign materials are the urine and the 
peritubular interstitial space 
The effect of pH on the excretion of weak 
acids is exactly the opposite of its effect on 
that of weak bases This is due to the fact that 
the ratio of ion to un-ionized fraction increases 
with pH m the case of weak acids, as indicated 
by the equation 

pH = pK, + log [A']/[HA] 

while m the case of weak bases the ratio of ion- 
ized to un-ionized decreases with rising pH as 
indicated by the dissociation equation for a 
base 

pH = pKa -h log [RNHd/[RNH3^] 

The effect of pH on the excretion of weak 
bases is appreciable only when the pH of the 
urine is lower than the pKa of the base, since 
it IS only when pH is less than pK that the 
amount of ion is the major fraction of the 
total For similar reasons pH change has an 
appreciable effect on acid excretion only when 
the urine pH is higher than the pK of the acid 
The bases and acids noted above as being 
excreted by mechanisms involving non-iomc 
diffusion are each secreted into the proximal 
tubule by active transport processes and es- 
cape to a variable extent, depending on urine 
pH, by non -ionic diffusion m the more distal 
segments of the nephron 
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EXAMINATION OF THE URINE 

Ordinarily, the first step m the evaluation of 
the functional status of the kidney, and fre- 
quently the source of the first clue to the pres- 
ence of renal disease, is the clinical patholog- 
ical examination of the urine This has the 
unique advantage of extreme simplicity, re- 
quiring only a minimum of time and the sim- 
plest of equipment Furthermore, the presence 
of renal disease is usually manifested by some 
abnormality of the urine However, it is impor- 
tant to note that an apparently normal urine 
does not exclude the presence of certain dis- 
eases of the kidney nor impairment of renal 
function of even very marked degree 

Although the full routine examination of the 
urine includes several other tests usually in- 
tended to detect nonrenal metabolic abnor- 
malities (diabetes, ketosis, etc ), those particu- 
larly related to disease of the kidney itself are 
tests for protein and examination of the uri- 
nary sediment In addition, determination of 
the specific gravity and acidity may, under 
certain conditions, be revealing of disorders of 
kidney function Certain specific defects of 
renal function may be detected by analysis of 
urine for ammo acids 

TESTS INVOLVING EXAMINATION 
OF THE BLOOD ONLY 

The most commonly used test intended to eval- 
uate the functional state of the kidney is the deter- 
mination of the blood urea (The results of this de- 
termination are commonly reported as the blood 
urea nitrogen, since nitrogen makes up just under 
half of the molecular weight of urea, the blood urea 
concentration is approximately twice the concentra- 
tion of blood urea nitrogen) The concentration of 
urea in the blood is directly proportional to the ni- 
trogen turnover and inversely proportional to the 
renal clearance of urea Its relationship to the m- 
trogen turnover and to glomerular filtration are fully 
discussed in the preceding chapter 


Since the blood urea concentration is only par- 
tially related to the rate of glomerular filtration and 
to the functional status of the kidney, it is hardl> 
surprising that there is a wide range of normal 
values for the blood urea concentration and it is 
likely to be unequivocally elevated only when renal 
function is reduced by about halt or more 

Nonprotem Nitrogen Under normal conditions 
urea contributes about half of the nonprotem ni- 
trogen of plasma (or serum) The remainder is made 
up of the nitrogen of a heterogeneous group of sub- 
stances creatine, creatinine, uric acid, amino acids, 
etc As renal function is depressed the nonprotem 
nitrogen concentration of plasma rises, largely be- 
cause of increasing urea concentration, though some 
of the other components also accumulate The non- 
protein nitrogen determination is thus subject to 
very much the same interpretation and qualifica- 
tions as the blood urea analysis 

Creatinine The plasma creatinine concentra- 
tion is a somewhat more reliable index of renal func- 
tion than the blood urea concentration because the 
rate of formation of creatinine in the body is much 
more stable than the formation of urea However, 
some reservation is required because the usual anal- 
ysis of plasma for creatinine involves a chemical 
method affected by other constituents of the plasma, 
this IS a more important consideration when the 
concentration of creatinine is at or near a normal 
level than when it is substantially increased 

TESTS INVOLVING COLLECTION OF URINE 

A general comment and caution concerning these 
tests as a group is warranted These tests (except for 
the concentration test) involve determination of the 
rate of excretion of some substance They thus re 
quire a timed collection of urine and can be no more 
accurate than the timing and completeness of collec- 
tion In the case of substances such as urea or creati- 
mne which are normal constituents of the urine, the 
urine formed before the actual period of the test will 
contain the test substance and it is, therefore, just as 
important that the bladder be completely emptied 
at the start of the test period as that all of the urine 
be collected at the end Failure to empty the bladder 
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before the test period will give a result that is mis- 
leadingly high just as failure to empty at the conclu- 
sion of the test will give an erroneuosly low value 
Failure to give due care and consideration to this 
point frequently vitiates the usefulness of what is 
fundamentally a valuable method for assessing 
kidney function 

Urea Clearance The mechanism of urea excre- 
tion has been considered in detail m the preceding 
chapter, and little need be added here The test is 
useful for the information it gives concerning the 
level of glomerular filtration In contradistinction to 
the simple determination of blood urea, the urea 
clearance is not dependent upon the rate of forma- 
tion of urea so that this source of variation is elimi- 
nated The urea clearance depends only upon the 
rate of glomerular filtration and the urine flow 
When the test is carefully performed it is a very 
useful index of glomerular filtration rate 

Creatinine Clearance The clearance of endoge- 
nous creatinine is frequently a valuable index of 
glomerular filtration As compared with the urea 
clearance it has the advantage of being unaffected by 
the rate of urine flow ^ However, for reasons that 
have not been fully elucidated, the clearance of en- 
dogenous creatinine is sometimes considerably 
greater than the glomerular filtration rate and some- 
times lower This is particularly true m the presence 
of renal disease The creatinine clearance can, there- 
fore, be considered only a rough approximation of 
the rate of glomerular filtration 

Excretion of Phenosulfonphthalem (PSP, 
Phenol Red) Phenolsulfonphthalein (PSP) is one of 
that group of organic acids rapidly secreted into the 
urine by the renal tubules (see preceding chapter) In 
contrast to some of the other substances in this 
group, PSP IS not completely removed from the 
blood which perfuses the kidney Nevertheless, the 
rate at which it is excreted by the kidney is deter- 
mined largely by the rate at which PSP is delivered 
to the kidney by the flow of blood The excretion of 
PSP IS, therefore, reduced when the renal blood flow 
is diminished The greatest virtue of the test is its 
simplicity, PSP IS a dye which, m alkaline solution, 
has an intense red color, and its concentration m the 
urine is easily estimated 

A number of different procedures for the perform- 
ance of the PSP test have been used, involving var- 
ious routes of administration of the dye and varying 
time periods for the collection of the urine Proce- 
dures involving intravenous administration of the 
dye and relatively short periods for the collection of 
the urine are to be preferred as most sensitive to 
changes in kidney function Low results can be ob- 


^ However, as m any test involving the collection 
of unne, the errors due to incomplete or inaccurate 
collection of the urine are minimized if the rate of 
flow IS high 


tamed because of retention oi PSP in the bladder as 
well as because of poor renal function 

Concentration Test The concentration test is a 
measure of the ability of the kidneys to form hyper- 
tonic urine Because the test as usually performed 
involves determination of the urine specific gravity, 
it can be considered only a rather crude index of this 
particular function ^ The determination of specific 
gravity is, however, such a simple procedure that it 
IS unlikely that it wall soon be replaced by an esti- 
mation of osmolality by the determination of the 
freezing point depression 

In the performance of the test, it is usual to deter- 
mine the specific gravity of the urine formed after 
all fluids have been withheld for 10 to 24 hr Nor- 
mally the specific gravity should be greater than 
1 025 although a specific gravity between 1 020 and 
1 025 can not be interpreted as a clear indication of 
abnormality 

Clearances of Inulin and p-Aminohippurate. 
Properly performed these measurements yield accu- 
rate estimates of glomerular filtration rate and renal 
blood flow and hence are highly valuable in accu- 
rately defining the status of renal function The the- 
oretical basis of the measurements is discussed in 
the preceding chapter Unfortunately the determina- 
tion of inulin and p-aminohippurate clearances re- 
quires the administration of continuous intravenous 
infusions at constant rate The desired and attain- 
able accuracy can be achieved only with meticulous 
ceire in the collection of the urine, usually with 
bladder catheterization and washout of the bladder 
at the termination of each collection period Finally, 
the chemical analysis, particularly that for mulin, is 
relatively involved For these reasons these tests are 
rarely used for routine clinical purposes, for most 
such situations one or more of the approximation 
procedures may be used 

Although the development of isotopically labeled 
inulin or ®H) and Diodrast has eliminated 
many of the problems of chemical analysis in the 
measurement of filtration rate and blood flow, the 
other inconveniences remain The precision possible 
with these methods, properly applied, is rarely 
needed for clinical purposes and the approximation 
methods generally suffice Additional approximation 
methods based upon the disappearance of substances 
labeled with radioactive markers have been devel- 
oped The disappearance of a suitable substance (one 
excreted only by the kidneys and susceptible to la- 

^ In the formation of hypertonic urine the nature 
of the urinary solute is more or less a matter of indif- 
ference, the process being involved with modifying 
the urine osmotic pressure to which each solute par- 
ticle, independent of its nature, contributes equally 
However, each solute particle does not modify the 
specific gravity in the same way, one molal solutions 
of different solutes may vary widely in specific 
gravity 
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beling with a radioisotope) can be followed by meas- 
uring its concentration in serially collected blood 
samples or, in some instances, e\en by external 
counting 

MEASUREMENT OF TUBULAR 
REABSORPTIVE AND SECRETORY 
CAPACITY 

These indices of renal function determined re- 
spectively, as the maximum capacity to reabsorb 
glucose (Tmc) and to secrete p-aminohippurate 
(TmpAH) are, like the measurement of inulin and 
PAH clearances, more or less definitive measure- 
ments of renal function (see preceding chapter) Like 
the latter determinations, the procedures are in- 
volved, poorly suited to routine use, and rarely per- 
formed for purely clinical purposes 

Classification of Renal Diseases 

Disturbances of renal function may be sepa- 
rated into two groups — those due to disease of 
the kidney itself and those due to nonrenal 
disturbances In the latter group fall abnormal- 
ities of renal function due to circulatory disor- 
ders and to disturbed hormonal balance with 
loss or excess of endocrine factors that modify 
the function of the kidney Among disturb- 
ances due to disease of the kidney itself two 
groups may be recognized 1) disorders due to 
specific abnormalities of one or more of the 
transport mechanisms of the renal tubule, al- 
though these are particularly interesting from 
the point of view of clmicophysiological corre- 
lations, they are neither as frequent nor as 
important as 2) the mflammatoiy and degener- 
ative diseases which involve the kidney more 
diffusely, affecting entire nephrons or nephron 
segments and their functions 

In the group of diseases that produce such 
diffuse involvement of the kidney, a few war- 
rant brief discussion here to provide a back- 
ground for some of the correlations between 
disturbances of physiology and renal disease 
By far the most important of these from the 
standpoint of frequency of occurrence are 
glomerulonephritis, arteriolar nephrosclerosis, 
and pyelonephritis 

GLOMERULONEPHRITIS 

Glomerulonephritis is a diffuse inflamma- 
tory disease involving primarily the glomeruli 
and secondanly, with loss of glomerular func- 
tion, degeneration of the conjoined tubules A 
number of classifications of glomerulone- 
phritis, based largely on pathological distinc- 


tion, have been proposed and a number of var- 
iants are recognized by some workers For 
present purposes it is sufficient to note that 
glomerulonephritis can be divided into two 
forms which may or may not represent dif- 
ferent stages of the same disease 

Acute glomerulonephritis is characterized 
by a more or less sudden onset with protein- 
uria and hematuria, and varying degrees of 
edema, hypertension and renal insufficiency 
The onset of the disease can usually be related 
to an antecedent infection most often with 
group A, id -hemolytic streptococcus Glomeru- 
lonephritis is generally believed to be a disease, 
involving, in some still obscure fashion, an an- 
tigen-antibody reaction which produces 
damage to the glomerular capillaries Acute 
glomerulonephritis has a relatively low mor- 
tality The great majority of cases recover 
completely, with no residual evidence of renal 
disease or of significant functional loss A 
small proportion do not recover, but show per- 
sisting evidence of active renal disease and 
progressive loss of renal function with an even- 
tually fatal outcome 

Chronic glomerulonephritis is a progres- 
sive disease characterized by proteinuria, hy- 
pertension and diminution of renal function 
Whether or not it is the progressive form of the 
same disease recognized as acute glomerulone- 
phritis IS disputed In most patients with the 
chronic form no episode of acute glomerulone- 
phritis IS recognized The rate of progress of 
the disease is extremely variable, some pa- 
tients have a rapid downhill course with a pre- 
cipitous decline in renal function Others may, 
for years, have proteinuria as the only evidence 
of smoldering disease 

THE NEPHROTIC SYNDROME 

The nephrotic syndrome is characterized by 
massive proteinuria leading to a marked re- 
duction of the plasma protein (particularly 
albumin) concentration, with edema, fre- 
quently massive, and generally a marked in- 
crease in the concentration of lipids, particu- 
larly cholesterol, m the plasma Hematuna 
and hypertension are usually not prominent A 
small proportion of instances of the nephrotic 
syndrome are clearly due to recognizable 
causes such as amyloidosis of the kidney, lupus 
erythematosus y syphilis^ etc., but in most cases 
the underlying cause is not recognizable. No 
unanimity exists as to whether or not the idi- 
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opathic nephrotic syndrome represents a stage 
of chronic glomerulonephritis A certain 
number of patients with the nephrotic syn- 
drome do not recover, but show progressive 
loss of renal function with the development of 
hypertension and renal insufficiency in a 
fashion not distinguishable from chronic glo- 
merulonephritis On the other hand, with anti- 
biotic treatment and prevention of mtercur- 
rent infection and with control of the disease 
with adrenocortical steroids, a considerable 
proportion of patients with the idiopathic ne- 
phrotic syndrome recover completely 

Whereas it was formerly believed that in 
true nephrosis the glomeruli were normal and 
the disease limited to degenerative changes in 
the tubule epithelium, this is now recognized 
as being the exact reverse of the true situation 
^"The primary defect is in the capillary base- 
ment membrane, permitting the escape of pro- 
tein into the glomerular filtrate The striking 
changes in the appearance of the tubule cells 
on microscopic examination are probably sec- 
ondary to the high concentration of protein m 
the glomerular filtrate with protein uptake 
from the tubule lumen 

ARTERIOLAR NEPHROSLCEROSIS 

Arteriolar nephrosclerosis is the manifesta- 
tion of renal damage due to hypertension It is 
characterized by thickening and hyalinization 
and sometimes necrosis of the renal arterioles 
There is progressive loss of glomeruli and the 
function of the tubules to which they are at- 
tached Clinically it is characterized by pro- 
temuna and progressive impairment of renal 
function which in some instances (“malignant 
nephrosclerosis”) may be remarkably rapid 
Some degree of nephrosclerosis occurs in most 
cases of hypertension of long-standing The 
progressive form leading to renal insufficiency 
occurs in some 5 to 10% of patients with so- 
called “essential” hypertension if not treated 
with drugs that lower blood pressure 

In contrast to the diffuse involvement of the 
kidney in artenoZarsclerosis (arteriolar ne- 
phrosclerosis) arteriosclerotic involvement of 
the larger vessels may lead to patchy ischemic 
degeneration of portions of the kidney This 
type of involvement is relatively benign and 
rarely leads to significant functional disturb- 
ance, except when, occasionally, marked ste- 
nosis of the mam renal artery or its major 
branches produces sufficient renal ischemia to 
lead to hypertension 


PYELONEPHRITIS 

Pyelonephritis is an inflammatory disease of 
the kidney resulting from infection of the uri- 
nary tract with invasion of the kidney inters ti- 
tium Single acute attacks may subside 
without significant sequelae, but repeated or 
long-standing infections lead to scarring and 
contraction of the kidney and what may be 
extensive loss of renal tissue The loss of renal 
function may be accelerated as changes due to 
hypertension (itself initiated by the chronic 
pyelonephritis) are superimposed on the re- 
sults of infection and scarring Proteinuria is 
usually not prominent and may be absent 

Disturbances of Fynction in Diffuse 
Renal Disease 

PROTEINURIA (ALBUMINURIA) 

Perhaps the commonest manifestation of 
renal disease is the presence of increased 
amounts of protein in the urine Normally only 
traces of protein are present in the urine, less 
than 100 mg being excreted in a 24-hr period 
In the presence of renal disease the amounts 
excreted may vary widely and reach figures of 
many grams Whereas protein may gam access 
to the unne with exudation or bleeding into 
any part of the urinary tract, the glomeruli are 
the most pertinent source of urinary protein 
Among the proteins of the urine, albumin pre- 
dominates, but despite the fact that urinary 
protein is frequently referred to as albumin, 
the other plasma proteins are also represented 
However, it is true that the relative abundance 
of albumin is greater in the urine than the 
plasma 

An increased concentration of protein in the 
glomerular filtrate, the result of an abnormal - 
increase in the permeability of the glomerular 
capillaries to plasma protein, is generally ac- 
cepted as the cause of proteinuria in most in- 
stances of renal disease and is one of the major 
features of the nephrotic syndrome, of glomer- 
ulonephritis and of arteriolar nephrosclerosis 

It IS worth noting that decreased reabsorp- 
tion of normally filtered protein has been seri- 
ously considered as a possibly significant 
factor m producing proteinuria This possi- 
bility is based on the uncertainty concerning 
the amount of protein normally contained in 
the glomerular filtrate in man At a concentra- 
tion of only 10 mg/100 ml, some 18 g/day 
might be excreted in the unne if none were 
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reabsorbed It may be dangerous to assume 
that the concentration in human glomerular fil- 
trate IS the same as that in the dog but it is 
worth noting that recent micropuncture stud- 
ies m the dog revealed albumin concentrations 
m the proximal tubule averaging less than 5 
mg /lOO mi 

On the other hand, there is good evidence 
not only that there is an increased filtration of 
protein when proteinuria is present, but that 
there is also an increase m the reabsorption of 
protein by the tubules under these conditions 
and that, in all probability, it is this increased 
protein uptake that is responsible for the histo- 
logical changes in renal tubule cells in such 
disorders as the nephrotic syndrome 

Aside from its importance as a clue to the 
presence of renal disease, proteinuria may, 
when of sufficient intensity/ lead to significant 
depletion of the plasma proteins" In the ne- 
phrotic syndrome, largely as a result of urinary 
losses, the plasma albumin concentration may 
be reduced to 20% or less of its normal value 
This IS a significant factor in the development 
of nephrotic edema - 

The presence of proteinuria is not always a 
sign of significant organic disease of the 
kidney It may be produced in otherwise 
normal individuals, for example, by fever or by 
violent exercise Particularly likely to be mis- 
leading is the benign condition known as orth- 
ostatic albuminuria or postural proteinuna 
This IS characterized by the occurrence, espe- 
cially in young people, of proteinuria when the 
individual assumes the upright position The 
urine, after a night’s rest in bed, is protein 
free The production of proteinuria is presum- 
ably attributable to some sort of circulatory 
disturbance associated with the erect posture 
It is important chiefly because it is frequently 
mistakenly interpreted as indicating the pres- 
ence of latent glomerulonephritis 

CYLINDRURIA 

Casts are collections of protein that has pre- 
cipitated in the tubules or ducts of the kidney 
and has been molded in the form of the struc- 
ture in which it was precipitated. Cyhndruna 
or the presence of increased number of casts in 
the unne is commonly associated with protein- 
una of glomerular origin Aside from the diag- 
nostic information denvable from the nature of 
the casts, the detection of casts is most signifi- 
cant as an indication that the protein in the 
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urine has arisen from the nephrons The casts 
may consist of protein only (hyaline casts) or 
may have incorporated into them red or white 
blood cells, epithelial cells, etc The normal 
urine does not contain more than 2000 casts/24 
hr 

HEMATURIA 

Red blood cells may be present m the urine 
in increased numbers (normal less than 
130,000/24 hr ) because of bleeding anywhere 
into the urinary tract Of greatest importance 
in the present context is that, with inflamma- 
tory disease of the glomeruli, red cells as well 
as protein may penetrate the glomerular capil- 
laries Marked hematuria of renal origin is par- 
ticularly characteristic of acute glomerulone- 
phritis 

IMPAIRMENT OF URINARY 
CONCENTRATION POLYURIA NOCTURIA 
Two types of impairment of urine concen- 
trating capacity are recognizable 1) due to 
impairment of the process by which water is 
removed to produce urine hypertonic to 
plasma and 2) due to the excretion of in- 
creased amounts of solute per functioning 
nephron Both types of defect contribute to the 
impairment of urine concentrating power ob- 
served m the presence of renal disease Spe- 
cific defects in the process that renders the 
urine hypertonic are present in potassium de- 
pletion and hypercalciurm Since the processes 
responsible for rendering the urine more con- 
centrated than plasma are located in the renal 
medulla, disease that disrupts the structure 
and/or fimction of this portion of the kidney, 
such as pyelonephritis and hydronephrosis, 
may be expected to have particularly marked 
effects on the concentrating process 

On the other hand, as renal function be- 
comes progressively impaired by any nephron- 
destroying disease process, impaired ability to 
produce concentrated urine must inevitably 
result Indeed, it has been shown experimen- 
tally that removal of one kidney and part of 
the other results in impaired ability of the 
remaining kidney to produce concentrated 
urine The situation here is quite analogous to 
that observed as solute excretion is markedly 
increased (osmotic diuresis) in the individual 
with normal kidneys (see previous chapter, 
Fig. 5 9J3) As renal function becomes progres- 
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sively diminished, the rate of excretion of 
solute must, over the long run, remain essen- 
tially unchanged reflecting the maintenance of 
salt balance and the excretion of products of 
metabolism However, as the number of neph- 
rons involved in urine formation becomes 
smaller, the amount of solute excreted by each 
of those remaining becomes greater in propor- 
tion Thus, the volume of isotonic fluid m each 
nephron reaching the site of formation of hy- 
pertonic urine is increased, and even the re- 
moval of a normal amount of water changes 
the concentration only to a limited extent 

As the ability to form concentrated urine is 
impaired, the volume of urine excreted must 
increase The formation of increased volumes 
of urine is known as polyuna, a common mani- 
festation of impaired renal function The pro- 
duction of excessive amounts of urine may 
cause the patient to awake at night to void, a 
symptom designated as nocturia (Of course, 
the ingestion of large volumes of fluid may 
lead to polyuna and nocturia in the absence of 
renal disease ) 

OLIGURIA ANURIA 

Oliguria is the excretion of a markedly re- 
duced volume of urine, anuria is the complete 
suppression of urine formation Oliguna may, 
at times, be physiological — that is, a normal 
response to dehydration and the characteristic 
manifestation of the formation of highly con- 
centrated urine A particularly low unne flow 
is found when dehydration is accompanied by 
a low rate of solute excretion This combina- 
tion is likely to be encountered in the indi- 
vidual who is excreting very little salt because 
of a low salt intake, because of antecedent salt 
loss (sweating, diarrhea, vomiting, induced 
diuresis) or because salt excretion is sup- 
pressed for other reasons as in the individual 
who IS developing edema (see discussion of 
edema) 

On the other hand, oliguria or its extreme, 
anuria, may be a manifestation of a severe dis- 
order of renal function. It may occur as a com- 
plication of severe acute nephntis or as a ter- 
minal event in chronic glomerulonephritis or 
other chronic renal disease Most often, how- 
ever, anuna or severe oliguria is a manifesta- 
tion of some acute renal insult — a circum- 
stance commonly known as acute renal insuffi- 
ciency or acute renal failure Such severe acute 
damage may be produced by a variety of inju- 


ries and nephrotoxic substances, particularly 
with traumatic shock (in which circumstance it 
has been called the crush syndrome), hemor- 
rhagic shock, incompatible blood transfusion, 
and mercury or carbon tetrachloride poisoning 
This list IS far from inclusive, and acute renal 
insufficiency may be caused by any condition 
which produces prolonged hypotension and/or 
intense renal vasoconstriction Renal ischemia 
becomes a major factor in the production of 
acute renal insufficiency in those situations in 
which chemical nephrotoxins can not be impli- 
cated 

The methods by which glomerular filtration 
IS measured are not applicable in the presence 
of anuria, so that it is not possible to say with 
certainty whether, in acute renal failure, glo- 
merular filtration ceases, or whether it con- 
tinues but that complete reabsorption of the 
filtered fluid occurs through disrupted tubule 
walls Both theones have their supporters In 
either case, it is clear, effective glomerular fil- 
tration is zero 

It has also been proposed that in the anuna 
following trauma the renal blood flow is not 
reduced, but actually increased, the blood 
being shunted away from the cortex and 
through the juxtame dullary and medullary re- 
gions by dilation m the latter areas This con- 
cept has been largely discredited In the pres- 
ence of anuna there is a marked reduction in 
the renal blood flow The preferential injection 
of the juxtame dullary circulation which can be 
demonstrated under these conditions (Trueta 
et al , 1946) is due to the lesser involvement of 
this part of the renal circulation in the generally 
intense renal vasoconstriction 

EDEMA 

The accumulation of sufficient excess of ex- 
tracellular fluid to produce detectable swelling 
of distensible tissues (edema) is a common fea- 
ture of many renal diseases Since edema fluid 
is extracellular fluid, it has the composition of 
plasma except for its lower protein concentra- 
tion. Like plasma, then, its major constituents 
are sodium chloride and water Except for lo- 
calized and limited amounts of edema which 
can be produced by redistribution of the 
normal volume of extracellular fluid, the pro- 
duction of edema requires that an excess of 
both salt and water be retained within the 
body and, conversely, edema may be produced 
by any circumstance that yields a sufficient 
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increase of the salt and water content of the 
body Actually in the production of edema, it 
IS the salt retention which is primary, water 
being retained to maintain the normal osmotic 
pressure of body fluids, and, further, in the 
salt, it is specifically the sodium ion which 
plays the predominant role, in the edematous 
individual, edema is increased by sodium bi- 
carbonate (or, of course, sodium chloride) but 
not by ammonium or potassium chloride 

In patients with renal disease, edema may 
be traced to three types of distrubance i) to 
impairment of sodium excretion due to the 
direct effect of disease on renal processes in- 
volved m salt excretion, 2) to hypoprotein- 
emia, and 3) to cardiac insufficiency, a 
common complication of renal disease particu- 
larly in the presence of long-standing hyper- 
tension 

1) The edema of acute glomerulonephritis is 
primarily of the first type, due to the effect of 
disease on the renal processes involved m salt 
excretion, salt intake exceeds the capacity of 
the kidney to excrete it, and edema results 
The predominant mechanism is probably a 
sudden and sharp reduction in the rate of glo- 
merular filtration without an equivalent im- 
pairment of the capacity of the tubules to 
reabsorb sodium salts, a condition frequently 
called “glomerulotubular imbalance ” Through 
much of the course of chronic glomerulone- 
phritis, a new balance is struck so that, despite 
reduction of the rate of glomerular filtration, 
sodium reabsorption by the tubules is reduced 
to an equivalent extent, and adequate excre- 
tion of salt is maintained In the course of 
chronic glomerulonephritis, edema may appear 
as a result of any of the mechanisms noted 
above, because of the development of hypopro- 
teinemia or, particularly late in the course of 
the disease, because glomerular filtration is 
reduced to such low levels that it is no longer 
possible to mamtain more than a very low rate 
of salt excretion, and finally because cardiac 
insufficiency may be superimposed 

In acute renal insufficency the capacity to 
excrete salt may be entirely lost Thus, any 
salt and fluid intake is retained in the form of 
edema, except to the extent to which they may 
be lost by extrarenal routes This situation 
represents the extreme of edema formation 
due to impairment of the renal processes for 
salt excretion 

2) The classic example of edema resulting 
primarily from hypoproteinemia is that which 


charactenzes the nephrotic syndrome In this 
disorder the continuous loss of large amounts 
of protein, particularly albumin, m the urine 
taxes the capacity of the body mechanisms to 
synthesize albumin and the plasma protein 
concentration falls As the plasma protein con- 
centration IS reduced, the colloid osmotic pres- 
sure IS lowered, particularly since most of the 
colloid osmotic pressure of plasma is normally 
attributable to its albumin concentration The 
lowering of the plasma colloid osmotic pres- 
sure favors redistribution of fluid volume from 
plasma to interstitial space in accord with the 
Starling hypothesis (see sect 4, chap 12) It is 
important to note that although this series of 
events favors expansion of the interstitial fluid 
volume at the expense of the intravascular 
volume, no significant quantity of edema can 
be attributed to this series of events alone, the 
intravascular volume is not large enough to 
yield a significant volume of edema without 
disastrously compromising the circulation The 
production of hypoprotememic edema, then, 
requires, as does all edema formation, reten- 
tion of excess salt and water The reduced in- 
travascular volume favored by the reduction of 
colloid osmotic pressure is, in all probability, 
the stimulus for renal salt retention mediated 
in part by the secretion of salt retention 
steroid (aldosterone) by the adrenal cortex 
and, probably to a major extent, by the as yet 
poorly understood system which controls the 
reabsorption of salt by the tubules A low rate 
of glomerular filtration may be a contributory 
factor 

That hypoproteinemia alone is not a suffi- 
cient cause of edema in the nephrotic syn- 
drome is indicated by the results of steroid 
treatment in this disorder. When fully success- 
ful, treatment with large doses of adrenocor- 
tical steroids produces disappearance of pro- 
teinuria, restoration of the plasma protein con- 
centration, and diuresis with disappearance of 
the edema However, in a number of instances 
in which the steroid is without apparent effect 
on proteinuria or plasma protein concentra- 
tion, withdrawal of steroid therapy is accom- 
panied by diuresis and loss of the edema, al- 
though the plasma protein concentration re- 
mains at its previous low level Spontaneous 
diuresis without increase of the plasma protein 
concentration may also occur 

3) The edema of cardiac failure, whether a 
complication of renal disease (hypertension) or 
not, depends on renal retention of excess salt 
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Thus, edema of any origin is a manifestation of 
disordered kidney function, in the case of 
heart failure secondary to an abnormality of 
cardiac function Although the sequence of 
events leading to edema in heart failure is dis- 
puted, the salt retention which occurs is the 
result of a complex of factors including in- 
creased secretion of salt-active adrenocortical 
steroids, some reduction of renal blood flow 
and glomerular filtration in many instances, 
and, almost certainly, the poorly understood 
factor or factors mentioned above The latter 
IS manifested by the following observations 
The administration of salt-active steroids to 
normal experimental animals leads to only 
very little retention of sodium (much of which 
replaces potassium which is lost) and no 
edema If, however, because of borderline car- 
diac insufficiency or elevation of venous pres- 
sure in a major segment of the circulation, the 
experimental animal is prone to the develop- 
ment of edema, sodium will be retained and 
edema will form — without reduction of the 
rate of glomerular filtration The difference 
between edema formation and no edema for- 
mation in these two experimental situations is 
neither in glomerular filtration nor the amount 
of adrenocortical steroid administered, indi- 
cating involvement of the additional unidenti- 
fied factors 

ACIDOSIS 

Inability to maintain a normal level of 
plasma bicarbonate (alkali reserve) in the face 
of an acidifying intake is a common feature of 
advanced renal disease of any type The most 
important factor responsible for the acidosis is 
deficient ability to form and excrete ammonia 
and thus maintain the plasma bicarbonate 
concentration in the face of the acid load pro- 
vided by the acififying components of the 
normal diet Usually there is no defect in the 
ability of the kidney to render the urine acid 
and highly acid urines are frequently observed 
in even the most advanced renal failure Since 
there is no major change in the excretion of 
weak acids, the output of titratable acid is not 
depressed However, the reduced number of 
nephrons is not adequate to form and put out 
ammonia at a normal rate in the face of even 
the usual, much less any increased, demands 
Thus, the strong acids derived from dietary 
sources are excreted as the sodium or potas- 
sium, rather than the ammonium salt and the 
blood bicarbonate (alkali reserve) is depleted 


In some cases an additional factor may con- 
tribute to the acidosis m the form of a defi- 
cient ability to reabsorb bicarbonate com- 
pletely when the plasma bicarbonate concen- 
tration IS at normal or only slightly lowered 
levels 

If bicarbonate is added to render the intake 
effectively neutral, the acidosis of renal failure 
may be absent In fact, if bicarbonate intake is 
much more than that necessary for a neutral 
intake, alkalosis may be relatively easily pro- 
duced since the capacity to excrete bicar- 
bonate at a rapid rate is limited as a conse- 
quence of the reduction of the rate of glomer- 
ular filtration 

As opposed to the tendency to the develop- 
ment of acidosis, which is almost universal in 
advanced renal disease of any type, acidosis of 
renal origin may occur as the result of a more 
or less specific defect of renal function with 
renal function remaining relatively intact in 
other respects This relatively uncommon con- 
dition IS known as renal tubular acidosis In 
contrast to the acidosis of renal insufficiency, 
it appears to be due specifically to an inability 
to render the urine normally acid and not to a 
deficient capacity to form ammonia In some 
such cases the maximum capacity to secrete 
hydrogen ion in exchange for sodium can be 
shown to be normal, since there is a normal 
maximum rate of bicarbonate reabsorption 
when bicarbonate is administered Under these 
conditions of bicarbonate loading, the urine is 
alkaline and the secretion of hydrogen ion 
which effects bicarbonate reabsorption occurs 
against only a very limited concentration gra- 
dient (see chap 1, p 5-29ff ) However, as the 
bicarbonate concentration is reduced to 
normal or below, the tubules are unable to ef- 
fect the complete removal of bicarbonate, this 
requiring that the urine be rendered highly 
acid Hence, bicarbonate escapes in the urine 
The defect appears to be in the ability to se- 
crete hydrogen ion against any considerable 
concentration gradient Since the urine does 
not become acid, the excretion of ammonia 
remains low despite what is probably a normal 
ability to produce ammonia in the renal tu- 
bules (see p 5~31) 

RENAL INSUFFICIENCY, UREMIA 

Renal insufficiency is the general term for 
reduction of the function of the kidney It is 
manifested by many of those physiological dis- 
turbances already described — impaired con- 
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centrating capacity, polyuria, noctuna, aci- 
dosis, and a general loss of flexibility in the 
maintenance of normal body composition in 
the face of the stress of departure of the intake 
from ideal Uremia is the complex of symp- 
toms and signs that accompany advanced 
renal insufficiency It is characterized by ane- 
mia, nausea, vomiting, weakness, twitching, 
frequently convulsions, and, terminally, stupor 
and coma Although it derives its name from 
the elevated blood urea concentration, which 
is a universal finding m the presence of the 
syndrome, the urea retention is not primarily 
responsible for the symptoms 

That urea itself is not responsible for the 
abnormalities associated with uremia is shown 
by several observations Urea may be adminis- 
tered to normal individuals without producing 
significant disturbances In the uremic individ- 
ual, the blood urea can be considerably re- 
duced by restriction of the protein intake 
without otherwise affecting the course of the 
disorder The improvement which can be pro- 
duced in the uremic patient by dialysis with 
the “artificial kidney” is not lost when urea is 
included in the dialysis bath so that the blood 
urea is not removed by the dialysis 

Disturbances of acid-base balance and fluid 
and electrolyte metabolism are also commonly 
present m uremia, and may, at times, con- 
tribute to or be responsible for certain of the 
symptoms Nevertheless, these electrolyte 
imbalances can not be considered to be the 
major contributor to the picture of uremia, and 
the factor or factors primarily responsible for 
the symptoms and signs remains unidentified 
It is generally believed that noxious products of 
metabolism may, in the presence of depressed 
renal function, accumulate in the body fluids 
till toxic concentrations are reached These 
substances, if they exist, have never been ade- 
quately identified 

INTRINSIC DEFECTS OF RENAL 
TUBULAR FUNCTION 

As opposed to the disturbances of renal 
function attributable to diffuse inflammatory 
or degenerative kidney disease, there are a 
number of abnormalities due to deficiency of 
certain transport mechanisms or groups of 
transport mechanisms Many of these defects 
are familial or congenital though some may be 
acquired They are for the most part uncom- 
mon, but warrant brief mention because of 
their unusual physiological interest 


One such defect, renal tubular acidosis, has 
been mentioned above and the impairment of 
sodium-hydrogen ion exchange described The 
disorder is, at least m some instances, familial 
It is frequently associated with nephrocalci- 
nosis and pyelonephritis, but these are quite 
probably secondary rather than the cause of 
the renal abnormality 

Nephrogenic diabetes insipidus is a rare rongen- 
itai familial disorder most often encountered m 
males and charactenzed by the continuous obliga 
tory excretion of dilute urine, and consequentb in 
tense polyuria and secondarily polydipsia The ab- 
normality IS apparently due to inability of the distal 
portions of the renal tubules to respond to pituitary 
antidmretic hormone by an increase in the permea 
bility to water Thus, the urine, diluted by salt re 
moval in the distal portions of the nephron, fails to 
give up the excess of water in the tubules, and the 
water is lost in the urine Tme or pituitary diabetes 
insipidus is characterized by the same symptoms 
and signs but is due to a lack of antidmretic hor 
mone secretion The tubules are normally responsive 
to antidmretic hormone in this disorder, which is 
much more frequent than the nephrogenic type Pi 
tuitary diabetes insipidus is usually an acquired 
abnormality secondary to injury to the pituitary 
and/or hypothalamus 

Renal glycosuria is characterized by the excre 
tion of glucose in the urine when the concentration 
in the plasma is normal or low The abnormality is a 
defect in the mechanism by which glucose is reab 
sorbed in the proximal tubule, other functions of the 
proximal tubule may be normal The specific nature 
of the derangement is not known There is some 
depression of the maximum capacity to reabsorb 
glucose (Tmc), but there is also considerable excre 
tion of glucose when the concentration is below that 
required to saturate the reabsorptive mechanism 
The possible interpretations of this “splay in the ti 
tration curve” are discussed on page 5-12 of the pre 
ceding chapter 

Renal Hypophosphatemia (or Vitamin D re- 
sistant rickets) is a familial disorder characterized 
by excretion of phosphate in the urine when the 
plasma concentration is low It is attributable to a 
defect of the phosphate reabsorptive mechanism 
analogous to that for glucose in renal glycosuria 

Amino-aciduna. Defects of amino acid reab 
sorption occur as specific defects of certain transport 
mechanisms and as part of more generalized disor- 
ders of renal tubular function An example of the 
specific type is that known as essential cystinurm 
m which the abnormality is limited to diminished re- 
absorption of cystine, lysine, arginine and ornithine 
The chief hazard denves from the formation of 
stones from the poorly soluble cystine Abnormali- 
ties involving certain other specific amino acids or 
groups of amino acids are also known In addition 
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defects of amino acid reabsorption may occur in sev- 
eral other disorders including, among others, Wil- 
son’s disease (fundamentally a disturbance of copper 
metabolism), heavy metal poisoning, and the Fan- 
coni syndrome in which ammo -aciduria is associated 
with defective reabsorption of glucose and phosphate 
and sometimes with renal tubular acidosis 

off Remai Famcioon of 
Extra renal Origin 

The function of the kidney is dependent, for 
the maintenance of glomerular filtration, on 
the adequacy of the circulation The effect of 
shock, leading, as it may, to sustained damage 
to the kidney, has already been discussed In 
addition several of the renal transport systems 
for electrolytes and water are regulated by the 
activity of endocrine organs The function of 
these systems is therefore subject to disturb- 
ance through abnormal activity of the endo- 
cnne organs in the form of either deficient or 
excessive secretion of hormones acting on the 
kidney Two such abnormalities have already 
been described in relation to intrinsic renal 
disorders which they resemble or to which they 
are related 

1) Pituitary diabetes insipidus in which, 
because of deficiency of antidiuretic hormone 
secretion, renal water reabsorption is dimin- 
ished and a dilute urine is continuously 
formed The converse of this disorder may 
occur and a concentrated urine be formed 
when a reduced osmotic pressure of body 
fluids would ordinarily lead to the formation of 
dilute unne, most often this is due to the in- 
duction of antidiuretic hormone secretion by 
nonosmotic stimuli, occasionally to ectopic 
secretion of vasopressin by tumors 

2) The excessive reabsorption of salt that 
characterizes edema formation and the contri- 
bution of hypersecretion of aldosterone have 
been discussed in relation to edema Excessive 
secretion of aldosterone leads to accumu- 
lation of edema only in the presence of factors 
predisposing to edema formation In the ab- 
sence of such factors, the increased sodium 
reabsorption is limited, and the major mani- 
festation of hypersecretion of aldosterone is 
potassium loss resulting from stimulation of 
secretion of potassium ion in exchange for 
reabsorbed sodium If potassium loss due to 
intrinsic renal disease with defective potas- 
sium reabsorption exists, it has not been dem- 
onstrated, and excessive renal potassium ex- 
cretion appears to be due to excessive secre- 
tion of potassium by the renal tubules, gen- 


erally stimulated by excess adrenocortical 
hormone 

In the absence of adrenocortical hormones 
{adrenal insufficiency, Addison’s disease) reab- 
sorption of sodium and secretion of potassium 
by the renal tubules are defective Sodium loss 
in the urine proceeds despite contraction of 
the extracellular fluid volume, which may be- 
come markedly reduced The potassium con- 
centration of body fluids becomes elevated 
Abnormal loss of sodium m the urine despite 
sodium depletion may occasionally result from 
renal disease, and may be produced by inhibi- 
tors of sodium reabsorption (diuretics) 

The reabsorption of phosphate by the renal 
tubules IS regulated by parathyroid hormone 
Excessive secretion of parathyroid hormone 
(hyperparathyroidism) is associated with loss 
of phosphate in the urine, loss of parathyroid 
function (hypoparathyroidism) leads to eleva- 
tion of the plasma phosphate concentration 
without an equivalent increase in urinary ex- 
cretion 

THE URINARY BLADDER 

ANATOMIC CONSIDERATIONS 

Unne leaving the tips of the renal papillae 
passes through three functionally distinct divi- 
sions of the urinary tract in its course to the 
exterior The first of these, termed the upper 
urinary tract, is made up of the minor and 
major calyces of the two kidneys, the renal 
pelves, and the ureters It functions as a low- 
pressure, actively propulsive conduit with a 
small, fixed capacity, transmitting urine rap- 
idly to the urinary bladder by peristaltic wave 
motion The second division, the urinary blad- 
der, acts as a reservoir, storing urine at low 
pressures and periodically discharging it at 
much higher pressures The third division, 
comprising the male urethra below the urogen- 
ital diaphragm, serves as a passive conduit for 
the urinary stream and, except for the intrinsic 
resistance offered to the flow of fluid, plays no 
part in the mechanics of voiding This struc- 
ture has no homologue in the female, a fact 
which underscores its role as an essential male 
genital organ, associated anatomically rather 
than functionally with the urinary tract 

The entire urinary tract is lined by transi- 
tional epithelium as far distally as the mem- 
branous urethra This epithelium, 5 to 7 cells 
thick when the urinary organs are empty, rests 
on a fibroelastic lamina propria which is com- 
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monly but incorrectly designated the submu- 
cosa (A muscuians mucosae is not present in 
the urinary system, and, therefore, a true sub- 
mucous coat which by definition lies deep to 
this muscular layer cannot be present The 
term “submucosa” will nevertheless be re- 
tained, since it is honored by long and exten- 
sive usage ) Transitional cells have the ability 
to slide over one another, thereby increasing 
their surface area at the expense of the thick- 
ness of the cell layer without breaking the con- 
tinuity of the epithelium Deep mucosal folds 
or rugae are present m the collapsed ureter 
and bladder, which, together with the unique 
properties of the epithelial coat, permit the 
considerable dilatation which these structures 
undergo in the course of urine transportation 
and storage The submucosa rests on a smooth 
muscle coat, the muscuians, and is in turn sur- 
rounded by a loose areolar adventitia which in 
no way limits distensibility 

Anatomic adaptation to function resides 
chiefly in the muscuians of the urinary tract 
It was formerly believed that the smooth 
muscle of the upper tract and bladder was dis- 
posed m three layers of unvarying thickness, 
an inner longitudinal, a middle circular, and 
an outer longitudinal This concept is not sup- 
ported by anatomic microdissections, and fails 
to explain the pattern of motility of these or- 
gans The muscuians of the upper urinary 
tract is now believed to be arranged as inter- 
lacing bands of smooth muscle fibres, spi- 
ralling m both a clockwise and counter- 
clockwise direction from the necks of the 
minor calyces to the trigone of the bladder In 
the calyces and renal pelvis, the majority of 
spirals have a shallow angle of ascent, and the 
majority of the muscle in this area appears cir- 
cular Near the ureteropelvic junction and in 
the upper few centimeters of the ureter, the 
spirals wind much less sharply and the muscle 
bundles appear predominantly longitudinal 
The major length of the ureter is again sup- 
ported mainly by tightly wound spirals with 
only a few longitudinally arranged bundles, 
but, in the lowermost portion of the ureter, 
where it passes through the bladder wall, the 
muscular spirals disappear and the intramural 
ureter is surrounded only by a thin coat of en- 
tirely longitudinal muscle These fibers are 
continued beyond the ureteral orifices, where 
they fan out and mingle with their opposite 
numbers to form the bulk of the trigonal 
muscle 
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The individual smooth muscle cells of the 
upper urinary tract are linked by intercellular 
bridges, forming a syncytium capable of con- 
ducting an action potential without the neces- 
sity of extrinsic nervous mechanisms The 
force and direction of the resulting muscular 
contraction depends on the predominant 
directional arrangement of the muscle bundles 
at any given level 

The lower ends of the ureters enter the pos- 
terolateral angles of the bladder wall and, 
pursuing an oblique course, first through an 
hiatus m the vesical muscle, and then within 
the vesical submucosa, terminate in orifices at 
the lateral angles of the trigone The total 
length of ureter enclosed by the bladder in the 
adult is approximately 2 cm , with an average 
diameter of 3 5 mm Terminally, the ureter is 
anchored firmly to the trigone by continuation 
of its longitudinal muscular coat, and by fu- 
sion of its roof with the mucous membrane of 
the bladder Where is passes through the ure- 
teral hiatus, however, there is only the loosest 
of areolar connections between vesical and ure- 
teral muscle (Waldeyer’s space) m order that 
the bladder may “slide up” around the ureter 
as it fills with urine Externally the ureter is 
invested by the reflection of fasicles of the de- 
trusor musculature onto the lower several cen- 
timeters (Fig 5 14) There is thus no anatom- 
ical basis of a circular muscular sphincter in 
this area, known as the ureterovesical junction, 
which might prevent reflux of urine from the 
bladder to the upper urinary tract The uretero- 
vesical junction nevertheless remains closed 
except when unne is flowing into the bladder 
Reflux IS prevented by the oblique course of 
the ureter through the bladder wall, which is in 
turn maintained by the firm terminal an- 
choring of the ureter to the trigone of the 
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Fig 5 14 Reflectance of fasicles of muscle from bladder 
onto lower portion of ureter Source Woodburne, 1964 
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bladder and the firm support of its posterior 
wall by the detrusor muscle of the bladder 
When intravesical pressure exceeds ureteral 
pressure, as in voiding, the flexible anterior 
wall of the submucosal ureter is collapsed 
against the firm posterior muscular supports 
while fixation to the trigone maintains its 
length The resistance to flow through a tube 
of zero diameter is infinitely high, and reflux 
cannot occur 

The bladder, when distended, consists of a 
spherical portion called the fundus and a cy- 
lindncal portion called the posterior urethra 
(Fig 5 15) The male posterior urethra includes 
the prostatic and membranous urethra, and in 
the female it includes the entire proximal 
three-fourths of the urethra The fundus and 
posterior urethra should be considered as one 
unit, both anatomically and functionally, as 
both are derived embryologically from the uro- 
genital portion of the cloaca 

The muscularis body of the urinary bladder, 
known as the detrusor muscle, is composed of 
an interwoven network of decussating smooth 
muscle bundles, coursing in random fashion in 
all directions, and at all depths m the bladder 
wall There is no evidence for the three con- 
centric layers of fibers formerly believed to be 
present At the vesical neck and in the poste- 
nor urethra the orientation of these muscle 
bundles is primarily longitudinal To stress the 
longitudinal orientation of the smooth muscle 
in the posterior urethra is not to deny that 
other components of the bladder wall continue 
into the urethra in spirally and circular direc- 
tions external to the inner longitudinal muscle 
A true annular sphincter has never been dem- 
onstrated at the vesical neck, although there is 
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515 The bladder when distended consists of a 
spherical portion called the fundus and a cylindrical por- 
tion called the posterior urethra Source Lapides 1970 


Fig 5 16 Dissection of musculature at vesical neck 
of bladder Source Woodburne 1960 



Fig 5 17 Disposition of elastic tissue in posterior 
urethra Source Lapides 1970 


a minor accumulation of muscle fibers m this 
area In dissection of the vesical neck it has 
been noted that fasicles of smooth muscle arch 
toward and then away from the vesical neck 
and their pull would be in a diverging rather 
than in a constricting motion, hence, consti- 
tuting an opening mechanism (Fig 5 16) 

In addition there is a considerable amount of 
elastic tissue found in the bladder and in the 
posterior urethra The amount of elastic tissue 
IS most prominent at the vesical neck and 
along the posterior urethra This elastic tissue 
IS in the submucosa and intermingled with the 
muscle bundles (Fig 5 17) 

The structure of the external sphincter and 
its role in voluntary compression of the urethra 
has been briefly considered Urethral compres- 
sion is also exerted to a minor extent by the 
levator am muscles, and the small muscles of 
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the perineum, notably the bulbocavernosus, 
which IS also capable of stripping the male 
urethra following micturition 

Cons5dera'25oinis 

THE UPPER URINARY TRACT 

Nerve fibers and ganglion cells are present 
in the adventitia, muscular and submucosal 
coats of the ureter, originating from the sym- 
pathetic and parasympathetic divisions of the 
autonomic nervous system The presence of 
this innervation is unnecessary for the mainte- 
nance of muscular tone, or for the initiation, 
maintenance and variation of pelviureteric 
contractions. Drugs affecting the autonomic 
nervous system at ail synaptic levels have no 
effect on ureteral motility in pharmacologic 
doses, whether administered systemically or 
applied directly to the ureteral wall Ureteral 
denervation, likewise, has no effect The best 
available evidence indicates that ureteral mo- 
tility IS an autonomous function, dependent on 
normal ureteral metabolism, and coordinated 
via the intercellular smooth muscle bridges of 
the musculans The stimulus to contraction is 
stretching of the muscle fibres The ureter is 
richly supplied with visceral afferent fibres 
terminating in the LI and T12 segments of the 
spinal cord Acute ureteral distension is the 
adequate stimulus, giving nse to ureteral pain, 
referred along the corresponding cutaneous 
dermatomes This pain may be abolished by 
section of the ureteral nerves without inter- 
fering in any way with peristalsis or tone 

BLADDER BLADDER NECK AND 
EXTERNAL SPHINCTER 

These structures function as a unit in the 
maintamance of continence and the act of 
micturition Their nerve supply is, therefore, 
functionally integrated, and can be logically 
considered under a single heading Innerva- 
tion is both motor and sensory, denved from 
the somatic and autonomic nervous systems, 
with integration on both segmental reflex and 
suprasegmental levels 

Motor Innervation Sympathetic white 
rami arising from the lowest thoracic and 
upper two lumbar segments of the intermedio- 
lateral column of grey matter of the spinal 
cord pass through the sympathetic chain to 
synapse in the celiac and mesenteric ganglia, 
from which grey rami flow into the pelvis as 


part of the superior hypogastric plexus (presa- 
cral nerve) At the promontory of the sacrum 
the plexus bifurcates, to form the right and left 
inferior hypogastric plexi (hypogastric nerves) 
which run deep into the pelvis to form the 
pelvic plexus From here, fibers pass to smaller 
plexi surrounding the bladder, prostate and 
posterior urethra These efferents, contrary to 
previous teaching, have no known effect on 
vesical and bladder neck function, through 
their action on the trigone and urethral crest, 
however, they may close the bladder neck 
during ejaculation 

Parasympathetic motor fibers to bladder and 
bladder neck arise in the inter me dioiateral 
column in the second, third and fourth seg- 
ments of the sacral cord, and travel as medul- 
lated fibers in the pelvic nerves (N engentes) 
to the pelvic plexus Synapses occur with post- 
ganglionic neurons either here, or with gan- 
glion cells within the bladder wall, with grey 
rami taking a short, direct course to the vesical 
muscle The parasympathetic division is the 
sole motor supply of the detrusor, both fundus 
and posterior urethra The time -honored 
theory of dual antagonistic innervation of the 
body and neck of the bladder, in which sympa- 
thetic impulses relaxed the detrusor and con- 
stricted the internal sphincter (syn = bladder 
neck), and parasympathetic impulses produced 
the reverse, is not supported by expenmental 
evidence Presacral nerve section in the human 
has no effect on micturition, nor do sympatho- 
mimetic drugs Bilateral pelvic nerve section 
causes complete detrusor paralysis, with uri- 
nary retention and overflow incontinence, 
while their stimulation causes immediate de- 
trusor contraction 

The somatic motor supply of the striated 
muscles of the perineum, including the ex- 
ternal sphincter, is carried via the pudendal 
nerves from the anterior horn cells of sacral 
segments 2, 3, and 4 These fibers maintain 
tonic contraction of the external sphincter 
except when reflexly inhibited dunng micturi- 
tion Their bilateral section causes total relax- 
ation and degeneration of the external 
sphincter muscle Continence is not affected, 
but rather, the ability is lost rapidly and volun- 
tarily to arrest the urinary stream, once ini- 
tiated. 

Sensory Innervation. Afferent fibers, both 
visceral and somatic, follow the three routes 
taken by the efferent fibers of bladder, urethra, 
and perineum 
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Some sensory fibers arising from bladder 
and posterior urethra follow sympathetic ef- 
ferent pathways to cell stations m the dorsal 
root ganglia The lower limit of their central 
connections is at L2, while their upper limit 
has been variously placed from Til to as high 
as T6, following clinical observations on pa- 
tients with transactions of the spinal cord The 
exact role of these fibers is obscure They prob- 
ably carry pain and some proprioceptive and 
temperature sensation, but their section pro- 
duces no significant deficit They are said to 
account for the vague, often painful sensations 
due to vesical overdistension and spasm expe- 
rienced by paraplegics with spinal cord 
transactions below T12 
All the important afferent fibers of the blad- 
der, and posterior urethra, especially those 
associated with sensation of fullness and desire 
to void but which are also useful thresholds of 
pain and temperature sensation, follow the 
pelvic nerves to the dorsal root ganglia of S2- 
4 Section of these nerves results in the loss of 
all useful vesical sensation 
The pudendal nerves carry superficial and 
deep somatic sensation from the distal bladder 
neck, and adjacent perineal structures 
Reflex Centers and Suprasegmental- 
Pathways. Centers for the control and inte- 
gration of micturition are situated in sacral 
spinal cord, brainstem, and cerebral cortex 
A spinal center for the reflex control of mic- 
turition exists in the second, third, and fourth 
segments of the spinal cord (Fig 5 18) Two 

I 



Pifl 5 18 spinal reflex arc in sacral cord concerned 
with micturition Source Lapides 1970 


important reflexes are served Visceral afferent 
impulses from stretch receptors m the bladder 
wall travel via the pelvic nerves to the micturi- 
tion center, which, unless inhibited by higher 
centers, sends efferent impulses via the pelvic 
nerves resulting in detrusor contraction This 
has the effect of forcing urine into the poste- 
rior urethra, initiating a second reflex Visceral 
afferent endings in the posterior urethra, stim- 
ulated by the presence of urine, send impulses 
via the pelvic nerves to the spinal micturition 
center, which transmits inhibitory impulses to 
the anterior horn cells of S2-4, decreasing the 
frequency of impulses m the pudendal nerve, 
and thereby causing relaxation of the external 
sphincter 

The activity of the spinal micturition center 
IS modified by a higher reflex center in the 
brainstem, and by cortical activity under the 
control of the will Pain and temperature affer- 
ents reach these centers via the crossed spi- 
nothalamic tracts after s 3 mapse in the dorsal 
horn cells at the appropriate segmental level 
Proprioceptive sensations, especially the desire 
to void and the feeling of fullness, turn into 
the ipsilateral funiculus gracilis without syn- 
apse, reach the medulla where they effect syn- 
apse in the nucleus gracilis, and then cross 
the midline to join the spinothalamic tracts 
and follow the great sensory pathways to the 
brainstem and cortical centers for micturition 
Regulatory pathways descend from these cen- 
ters, via the crossed and uncrossed pyramidal 
and extrapyramidal tracts, to modify the ac- 
tivity of the spinal micturition center 

The location of the brainstem center for 
micturition is uncertain in man, but probably 
resides in the pons It exerts both facilitory 
and inhibitory effects of the spinal center It is 
responsible for sustaining detrusor contraction 
and external sphincter relaxation until the 
bladder is completely emptied, this is neces- 
sary because, after partial emptying of the 
bladder, proprioceptive afferent impulses to 
the spinal center fall below the threshold nec- 
essary to maintain the micturition reflex The 
brainstem probably also inhibits the spinal 
micturition reflex at an unconscious level, 
even when the bladder is adequately filled 
The cerebral cortex receives vesical repre- 
sentation at the extreme medial aspect of the 
sensory- motor strip (paracental lobule) Here 
the degree of fullness of the bladder, the slight 
burning felt on initiating voiding, and the pain 
of vesical spasm are consciously appreciated 
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Here too, voluntary control is exerted over the 
lower micturition centers Thus, although mic- 
turition can proceed normally m the absence 
of cortical control, the cortex inhibits lower 
centers until a suitable time and place for 
voiding can be found Voiding is then allowed 
to proceed automatically by removing cortical 
inhibition Micturition can also be voluntarily 
initiated by the cerebral cortex in the absence 
of a desire to void or, once begun can be inter- 
rupted at any time 

Mechanical Considerations 

The unnary system is a senes of pipes and 
reservoirs transmitting and storing fluid, and 
as such is subject to the laws of fluid me- 
chanics Most important of these is LaPlace's 
law, which states 

P = 2T/R in a sphere, 

and 

P = T/R m a tube, 

where 

P = intraluminal pressure (sphere), resist- 
ance to flow (tube), (provided ex- 
ternal pressure is constant) 

T = tension on the wall of the sphere or 
tube (i e , the sum of the force of ac- 
tive tension developed by muscular 
contraction plus the passive tension 
exerted by the elastic properties of the 
wall) 

R = radius of the tube or sphere 
These relationships hold good, regardless of 
the characteristics of the wall of the viscus, 
provided the system is at equilibrium 

Certain corollaries of this law provide a me- 
chanical explanation for the behavior of the 
upper unnary tract and bladder, and will be 
emphasized in the appropriate sections below 
One example will be recalled, namely, the ab- 
sence of reflux when the intravesical ureter is 
collapsed Under these conditions, the radius 
(R) IS very small, so that for any given tension 
on the ureteral wall, the resistance to flow (P) 
in the ureter is extremely high, certainly 
higher than the intravesical pressure 

Uririary Transport in the Upper 
Urinary Tract 

Distension is the adequate stimulus to con- 
traction throughout the entire upper urinary 
tract. Urine flowing into the minor calyces 


creates distension, triggering a calyceal con- 
traction which, because of the predominantly 
circular muscle in the area, causes narrowing of 
the calyx and forces urine into the renal pelvis 
Calyceal contractions occur independently of 
one another and of renal pelvic contractions 
Calyceal pressures follow renal pelvic pres- 
sures, because the two are in free communica- 
tion at all times 

The renal pelvis is relatively indistensible 
beyond its fairly low capacity of 3 to 5 ml Like 
the calyces it undergoes rhythmic dilatation 
and contraction, referred to as diastole and 
systole, respectively It fills passively from the 
calyces under very low pressures during dias- 
tole, and then contracts, expressing only a 
small percentage of its volume into the upper 
end of the ureter The normal mtrapelvic pres- 
sure seldom exceeds more than a few centime- 
ters of water, even in systole, but tends to be 
higher in the narrow, ureter-like pelvis than in 
the large, ampullary-type pelvis — a direct re- 
sult of LaPlace’s law 

Efforts to locate a pelviuretenc pacemaker 
have failed, but the contraction wave begins 
somewhere in the region of the pelvicalyceal 
junction and sweeps distally at a relatively 
constant rate of about 3 cm /sec The pelvis is 
comprised of both circular and longitudinal 
muscle, and in systole, therefore, it decreases 
in volume and approximates itself toward the 
kidney 

The upper end of the ureter is m communi- 
cation with, and fills with, the renal pelvis 
during diastole, the ureteropelvic junction 
remaining open during this phase, and the 
pelvis and upper together forming the func- 
tional renal pelvis Contraction of the renal 
pelvis and closure of the ureteropelvic junction 
occur almost simultaneously, trapping urine 
within the renal pelvis, above, and within the 
uppermost ureter below the ureteropelvic junc- 
tion The ureteropelvic junction may be de- 
fined, physiologically, as the most proximal 
point of closure of the ureter during systole of 
the renal pelvis, and its localization vanes 
somewhat with the volume of urine flow 

The ureteral cone is the segment of ureter in 
open communication with the renal pelvis 
dunng diastole Its proximal limit is the pelvi- 
ureteric junction, but its size, shape, and distal 
limit depends on the rate of urine flow and the 
body position, filling being reduced m the 
supine position 
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The frequency of pelviuretenc contractions 
ranges from 1-5/mm at normal rates of flow, 
tending to occur at regular intervals, although 
at different rates on the two sides Sudden 
reduction of urine formation may or may not 
result m a transient decrease in the frequency 
of contractions, following which the rate re- 
turns to its normal frequency, even in the 
presence of complete anuria Higher than 
normal rates of urine flow increase the ampli- 
tude of contractions, provided the ureteral 
cone IS capable of coping with the increased 
volumes If, however, renal pelvic distension 
occurs, the frequency of contractions increases 
At the highest flow rates, the entire pelvis and 
ureter remain open, urine transport being a 
function of the pelvivesical pressure gradient 
The closure of the pelviuretenc junction 
marks the origin of a peristaltic wave which 
sweeps down the ureter, transporting the urine 
trapped in the ureteral cone ahead of it A 
single peristaltic wave rarely strips the ureter 
of urine completely, but leaves behind from 
one to four tapered columns of urine of varying 
length, called urine spindles, separated by 
lengths of contracted, empty ureter Spindles 
tend to be formed under conditions causing 
resistance to urine flow, such as recumbency, 
high urine flow rates, and high intravesical 
pressure, which lead to retention of urine in 
the upper tract Small spindles fill from above 
and empty from below as the peristaltic wave 
sweeps over them, but large spindles can con- 
tract as a unit, rapidly expelling urine toward 
the bladder Spindle formation is a more effi- 
cient method of emptying the ureter than peri- 
stalsis, the transition from the latter to the 
former method of urine propulsion occurs 
smoothly, and is a function of the volume re- 
tained m the upper tract 
Circular muscle is absent in the intravesical 
ureter, which, therefore, plays a passive role m 
urine transport Urine is forced in intermittent 
jets through this portion of the upper tract, 
ahead of the contraction waves descending 
from above Just as the spurt of urine ceases, 
the longitudinal muscle of the submucosal 
ureter contracts, drawing the lateral angle of 
the trigone slightly upwards and outwards 
Pressures in the ureter nse progressively as 
the bladder is approached being normally 
about 15 cm of water in the upper ureter, and 
30 cm in the pelvic ureter during systole 
These pressures are not transmitted to the 


kidney as long as the ureter distal to the ure- 
teral cone remains closed, and are quite suffi- 
cient to maintain a ureterovesical pressure 
gradient under normal conditions 

VesScai Physiology 

FILLING OF THE BLADDER 

The normal bladder is completely empty at 
the end of micturition, the intravesical pres- 
sure IS equal to the intra -abdominal pressure 
As the bladder fills, it adjusts its tone to its 
capacity, so that minimal alterations of in- 
travesical pressure occur over a wide range of 
intravesical volumes This phenomenon, some- 
times called adaptation, is an inherent prop- 
erty of the smooth muscle of the detrusor, and 
IS not dependent on nervous mechanisms It is, 
therefore, present in denervated bladders, but 
not after death The adaptation is not to a 
constant pressure, but always to a pressure 
slightly higher than existed before the addition 
of the fluid increment 

In the adult, direct measurements show a 
gradual smooth increase in intravesical pres- 
sure to about 10 cm of water at a capacity of 
approximately 400 ml (Fig 5 19) The first 
sensation of bladder filling generally occurs at 
a capacity of 100 to 150 ml , and the first desire 
to void at between 150 and 250 ml The physi- 
ological capacity of the bladder, that is, the 
maximum intravesical volume tolerated 
without undue discomfort and at which mictu- 
rition IS normally effected, ranges between 250 
and 450 ml 

Filling of the bladder beyond its physiolog- 
ical capacity is associated with progressive 



Fig 5 19 Curve of pressure changes in human blad- 
der during filling and emptying Involuntary contractions 
and sharply rising pressures above 450 to 500 ml in- 
dicate filling beyond physiologic capacity 
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failure of adaptation, and intravesical pressure 
rises much more sharply relative to the in- 
crease in intravesical volume Despite strong 
cortical inhibition, efferent impulses reach the 
detrusor, causing involuntary contractions At 
first these are of low pressure and not asso- 
ciated with conscious sensation, but, as filling 
continues, they are associated with sharp rises 
in pressure, and felt consciously as an acute 
urge to void 

The physiological bladder capacity varies 
greatly with age and psychic factors At birth 
it ranges from 20 to 50 ml , increasing four 
times during the 1st year of life In the adult it 
can be as high as 600 ml , especially in persons 
whose occupations make access to lavatory fa- 
cilities difficult In all cases, the capacity is 
about twice that at which the first desire to 
void is felt The anatomic capacity of the 
bladder — the capacity just before rupture 
occurs — is well above 1 liter, and is never ap- 
proached under physiological conditions 

CONTINENCE 

In addition to accepting urine from the ure- 
ters, and periodically discharging urine under 
voluntary control, the bladder must also retain 
urine As the bladder fills with urine, conti- 
nence IS maintained by the proximal 3 cm of 
the urethra This is accomplished by the con- 
tinuous tone of the smooth muscle augmented 
by the rich elastic tissue in this area, both 
mechanisms tending to compress the lumen of 
the urethra The urinary sphincter is thus a 
tube of smooth muscle and elastic tissue with 
its greatest resistance in the mid urethra and 
least resistance at the vesical neck (Fig 5 20) 

The external sphincter is not normally nec- 


Intraurethral Resistances 



Fig 5 20 Intraurethral pressures m the male and 
female posterior urethra Source Lapides 1 970 
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essary to continence, and its paralysis does not 
cause leakage of urine, provided the posterior 
urethra is intact Under conditions of sudden 
increase of intra-abdommal pressure, such as 
occur with coughing, intravesical pressure may 
reach 50 to 80 cm of water, forcing unne into 
the bladder neck Leakage is prevented under 
these circumstances by reflex contraction of 
the external urethral sphincter and levator am 
muscles 

MICTURITION 

Micturition may be defined as the periodic 
complete emptying of the urinary bladder, 
under voluntary control except in infancy The 
nervous, muscular and mechanical factors es- 
sential to the act have all been discussed, and 
must now be integrated 

At the end of voiding, the bladder is empty, 
the bladder neck is closed, and the intravesical 
pressure is close to zero The bladder slowly 
fills as ureteral peristalsis forces jets of urine 
through the aperistaltic intramural ureter 
Despite a rising intravesical volume, the in- 
travesical pressure remains low, due to the 
phenomenon of accommodation inherent in 
the smooth muscle of the vesical wall, and at 
no time does it exceed either the intraureteral 
pressure at the ureterovesical junction, or the 
urethral resistance provided by the closed pos- 
terior urethra 

As the bladder radius increases, the tension 
on the vesical wall increases, even though the 
intravesical pressure remains almost constant 
(Laplace’s law) Tension is the adequate stim- 
ulus for the proprioceptive end organs in the 
vesical wall which send visceral afferent im- 
pulses via the pelvic nerves to terminate in the 
spinal reflex center for micturition (S2-4), and 
also in the fasciculus gracilis to the reflex 
center for micturition in the brain step (pons*^) 
and in the voluntary center for micturition m 
the paracentral lobule of cerebral cortex The 
first feeling of filling of the bladder is generally 
appreciated at a capacity of 100 to 150 ml, 
and the first desire to void, accompanied by a 
vague feeling in the penis or perineum, at 150 
to 250 ml At this stage, the spinal reflex 
center for mictuntion is inhibited by impulses 
from the brainstem center via the corticoregu- 
latory tracts, preventing efferent impulses 
from leaving the spinal center If micturition is 
unduly postponed, a feeling of fullness, then 
discomfort, and finally pain results The latter 
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sensation is transmitted to the cortex via the 
lateral spinothalamic tracts Under these con- 
ditions, voiding is inhibited by cortical im- 
pulses blocking the discharge of the spinal 
center 

When an opportunity is found to empty the 
bladder, the voluntary restraint placed upon 
the spinal micturition center is lifted, and 
micturition proceeds automatically The cessa- 
tion of inhibitory impulses from the cerebral 
cortex (m the case of a full bladder), or the fa- 
cilatory impulses from the cortex (in the case 
of low intravesical volume), permit the dis- 
charge of parasympathetic efferent impulses 
along the pelvic nerves to synapses in the 
pelvic plexi and bladder wall, and thence via 
postganglionic rami to the body of the detrusor 
muscle and the posterior urethra A voiding 
contraction of the detrusor results, generating 
intravesical pressures of 50 to 150 cm of 
water At the same time, the detrusor contrac- 
tion shortens and widens the posterior urethra 
(Fig 5 21) The effect is to increase intraves- 
ical pressure and decrease urethral resistance, 
and a bolus of urine is forced into the posterior 
urethra Urine in the posterior urethra stimu- 
lates parasympathetic visceral afferents which 
send impulses via the pelvic nerves to the 
spinal center This reflexly relaxes the external 
sphincter by decreasing the frequency of ef- 
ferent impulses which normally travel from the 
anterior horn cells of S2-4 via the pudendal 
nerves to keep the external sphincter in a state 
of tonic contraction Urine flows through the 
urethra and, in the male, through a passive 
conduit, the penile urethra, to the exterior 

Certain muscular movements not essential 
to micturition commonly accompany the act 
At the onset of micturition the levatores am 


and perineal muscles are relaxed, thereby 
shortening the posterior urethra and de- 
creasing urethral resistance At the same time 
the glottis closes, the diaphragm descends, and 
the abdominal wall muscles contract, acceler- 
ating the flow of urine by raising intra -abdom- 
inal pressure which in turn secondarily in- 
creases intravesical pressure 

A voiding contraction, once initiated, is 
normally maintained until all the urine has 
been discharged from the urinary bladder This 
is a function of facilitory impulses from the 
brainstem The bladder contracts in all direc- 
tions like a toy balloon deflating from its neck 
When the bladder and posterior urethra have 
emptied, the external sphincter closes, the de- 
trusor relaxes, and finally the posterior urethra 
closes gradually 

Arrest of the voiding stream, once initiated, 
is accomplished by a powerful voluntary con- 
traction of the external sphincter and perineal 
muscles, and is associated with a sense of 
burning and urgency due to stimulation of 
somatic afferents in the region of the membra- 
nous urethra If the contraction is sustained, 
unne is forced backwards into the bladder by 
collapse of the posterior urethra, associated 
with gradual relaxation of the detrusor muscle 

Mictuntion begins in the 5th intrauterine 
month with the onset of urinary secretion It 
remains a reflex act until approximately 2^2 
years of age, at which time it begins to come 
under cortical control Complete continence is 
usually achieved by the age of three 

Uninhibited contractions of the bladder oc- 
cur in young children up to a variable age, and 
may be attributed to an underdeveloped con- 
trol of the spinal reflex arc by the upper brain 
center that control micturition in the adult 



Pig 5 21 The bladder neck in continence and micturition Detrusor contraction decreases urethral resistance by 
shortening and widening the bladder neck Source Urology ed M F Campbell 1963 (See Lapides 1970) 
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RESPIRATIOH 



It! UPTAKE AND DELIVERY OF THE 


RESPIRATORY GASES 


The cells of higher animals continually use 
oxygen and produce carbon dioxide as a waste 
product Breathing movements promote the 
transfer of oxygen from the atmosphere into the 
lungs and the removal of carbon dioxide from 
the lungs Oxygen diffuses into the blood m the 
pulmonary capillaries to be carried to all parts 
of the body, where it diffuses from the capillary 
blood into the interstitial fluid and on to the 
cells Carbon dioxide diffuses from the cells 
through the interstitial fluid to the blood in the 
systemic capillaries, and then is carried to the 
lungs where it diffuses into the alveolar air 
The continual processes of respiration, regu- 
lated by a complex of ‘Teed-back” and other 
mechanisms, play a major role in the mainte- 
nance of homeostasis Under constant condi- 
tions, the respiratory processes tend to attain a 
condition which may be called a ‘‘steady state,” 
but not an “equilibrium with the environ- 
ment,” since at equilibrium all reactions would 
be at a standstill 

The major problems to be considered under 
the heading of respiratory physiology are 1 ) the 
uptake of oxygen from alveolar air and its de- 
livery to the tissues, 2 ) the uptake of carbon 
dioxide from tissues and its delivery to the al- 
veolar air, 5) the mechanism of rhythmic inspi- 
ration and expiration, and 4 ) the mechanisms 
by means of which the amount of air breathed 
per minute is adjusted to the needs of the body 
The actual chemical processes by which oxygen 
IS utilized in the cells (cellular respiration) will 
not be discussed, since this subject is consid- 
ered in detail in biochemistry texts Some of 
the derangements of respiration are considered 
under the appropriate major headings, while 
others of a more general nature are described 
in the final chapter of this section 

It is assumed that the reader already will 
have knowledge of elementary biochemistry 
and human anatomy Further, it is essential 
that the relation of carbon dioxide to the acid- 
base balance (sect 4, chap 11), the physiology 
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of nerve, muscle, and reflex action (sect 9, 
chap 4) and the physiology of the autonomic 
nervous system (sect 9, chap 3) should be 
studied in advance in order to understand the 
chemical and neural control of respiration 

A system of notation for use in respiratory 
physiology, summarized m Table 6 1, was 
agreed on by a group of physiologists meeting 
in Atlantic City in 1950 This system is now 
generally accepted, and will be followed m this 
section 

THE KINETIC THEORY OF GASES 

A quantity of gas when placed m a container of 
any size expands until it fills the confining vessel 
This fact IS explained upon the theoiy that the gas 
molecules are in continuous motion, moving through 
space at high velocity and being deflected from their 
course only upon coming into collision with other gas 
molecules or with the boundaries of the space itself 
which they strike and from which they rebound re- 
peatedly Such movements constitute a bombardment 
upon the confining walls which is responsible for the 
pressure of the gas The greater the number of mole- 
cules in any given space, and the higher their mean 
velocity, the more frequent will be the impacts 

Boyle’s Law If the volume of a given mass of gas is 
reduced, the molecules are brought closer together 
and the rate of bombardment upon a unit surface 
increases, the increase becoming manifest as a rise in 
pressure Robert Boyle first noted the quantitative 
relationship between pressure and volume at a con- 
stant temperature the pressure of a given mass of gas 
IS inversely proportional to its volume, i e , the 
product of the pressure and the volume remains con- 
stant 

Avogadro's Law states that equal volumes of dif- 
ferent gases at the same temperature and pressure 
contain the same number of molecules Thus a gram- 
molecule of any gas at stpd occupies a volume of 22 4 
hters Since the force of an impact is related to the 
mass of the molecule as well as to its velocity, it fol- 
lows that at a given temperature the molecules of a 
gas of low molecular weight are traveling faster than 
are those of a heavier gas The mean kinetic energy 
of the gas molecules has a certain value which is re- 
lated to temperature alone 

1 
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Section 6 


Table 6 1 

Symbols and abbreviations used by pulmonary physio'ogists (based on report in Federation Proceedings 9 602-605 
1950) 

SPECIAL SYMBOLS 

— Dash above any symbol indicates a mean value 
Dot above any symbol indicates a time derivative 

For Gases For Blood 


Primary Symbols 
(large capital letters) 

V = gas volume Va 

V = gas volume/unit Vo 2 

time 

P = gas pressure Pa q 

P = mean gas pres- Pc^i^^ 

sure 

F = fractional con- 

centration in 
dry gas phase 

f = respiratory fre- 

quency 
(breaths/unit 
time) 

D = diffusing ca- Do 2 

pacity 


R = respiratory ex- R 
change ratio 


Examples 

= volume of al- 
veolar gas 
= 0 2 consump- 
tion/ mm 
= alveolar O2 
pressure 

= mean capillary 
O2 pressure 
= fractional con- 
centration of 
O2 in in- 
spired gas 


= diffusing ca- 
pacity for O2 
(ml 0 2/min/ 
mm Hg) 

= VCO2/VO2 


Secondary Symbols Examples 

(small capital letters) 


I 


E 

A 

T 

D 

B 

STPD 

BTPS 

ATPS 


inspired gas 


= fractional con- 
centration of 
CO 2 m in- 
spired gas 

expired gas 

Ve 

= volume of ex- 
pired gas 

alveolar gas 

Va 

= alveolar ven- 
tilation/min 

tidal gas 

Vt 

= tidal volume 

dead space gas 

Vd 

= volume of dead 
space gas 

barometric 

Pb 

= barometric 


pressure 

0°C, 760 mm Hg, dry 

body temperature and pressure saturated 
with water vapor 

ambient temperature and pressure saturated 
with water vapor 


After Comroe et al ( 1962 ) 

Law of Charles (or Gay-Lussac) A rise in tempera- 
ture increases the velocity and kinetic energy of the 
gas molecules The force of the impacts is thus in- 
creased, and at constant volume the rate of bombard- 
ment also IS increased For each rise in temperature 


Primary Symbols 
(large capital letters) 
Q = volume of blood 


Q = volume flow of 

blood/umt 
time 

C = concentration of 

gas in blood 
phase 

S = % saturation of 

Hb with 
O2 or CO 

Secondary Symbols 
(small letters) 
a = arterial blood 


V = venous blood 


c ~ capillary blood 


b = blood in general 

s = steady state 


Elxamples 

Qc = volume of 

blood in 
pulmonary 
capillaries 

Qc = blood flow 

through pul- 
monary cap- 
illaries/min 

Cag^ = ml 0 2 in 100 

ml arterial 
blood 

Svo2 = saturation of 

Hb with O2 
m mixed 
venous blood 

Examples 

Paqoj = partial pres- 

sure of CO 2 
in arterial 
blood 

Pv^.^ partial pres- 
sure of 0 2 in 
mixed ve- 
nous blood 

Pccjo = partial pres- 

sure of CO 
in pulmo- 
nary capil- 
lary blood 


1 ° C a gas kept at constant volume increases its 
pressure by 1473 of its pressure at 0° C If, instead, the 
pressure is held constant, the volume increases by a 
corresponding amount Taking — 273 ° C as the abso- 
lute zero, it follows that the pressure of a ^as at con- 
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stant volume [or the volume at constant pressure) is 
proportional to the absolute temperature 

The ideal gas law is a quantitative expression of 
the foregoing principles 

PV = nRT 

where P is the pressure, V is the volume, n is the 
number of gram -molecules of the gas, R is the “gas 
constant,” and T is the absolute temperature When 
the units employed are atmospheres, liters and cen- 
trigrade degrees, R = 0 082 For any real gas this 
expression is subject to small corrections related to 
the actual volume of the molecules themselves and 
the attractive forces between them 

Diffusion In all circumstances the gas molecules, 
as a result of their movement, wiU distribute them 
selves evenly throughout the space in which they are 
confined, and consequently the pressure will become 
equal throughout all parts of the space This tendency 
of a gas to pass from a point of higher pressure to a 
point of lower pressure, and to distribute itself 
throughout the available space is called diffusion 
However, the term applies equally to the distribution 
of dissolved molecules or ions in solution, and to the 
transfer of molecules across gas-liquid interfaces The 
rate of diffusion of a gas at a given temperature is 
inversely proportional to the square root of its den- 
sity Thus hydrogen diffuses four times as rapidly as 
does oxygen 

Dalton’s Law of Partial Pressures If we should 
deal with a mixture of two or more gases, it would be 
found that each component of the mixture behaved as 
though present alone Its molecules would become 
distributed evenly throughout the mixture, although 
its rate of diffusion would be retarded by collisions 
with other molecules Each gas in a mixture exerts a 
pressure according to its own concentration, inde- 
pendently of the other gases present The pressure of 
each constituent is referred to as its partial pressure 
or tension and the total pressure is the sum of the 
partial pressures of all the gases present 

Henry's Law When a gas is brought into contact 
with water, gas molecules bombard the surface of the 
liquid and pass into it, but the dissolved gas mole- 
cules also tend to escape from the liquid After a time 
their rate of escape equals their rate of entry When 
this equilibrium is reached, the solution is said to be 
saturated Each gas has its own characteristic solu- 
bility at a given temperature and pressure If no 
chemical reaction is involved, but only physical solu- 
tion, Henry’s Law states that the concentration of a 
gas in solution at equilibrium is directly proportional 
to its partial pressure in the gas phase The solubility 
of oxygen, for example, is described by the expression 

COi = ao^ PO2 

where Co 2 is its concentration in aqueous solution, 
P02 IS its tension, and aOj is a constant which is char- 


acteristic of oxygen If Co 2 is expressed in milliliters 
(stpd) per milliliter of solution and P02 m atmos- 
pheres, aOz represents the solubility in milliliters of 
oxygen gas per ml of water and per atmosphere This 
is called the solubility coefficient or absorption coeffi- 
cient of oxygen 

The solubility of a gas is not affected by the pres- 
ence of other gases, each gas m a mixture dissolves in 
accordance with its own partial pressure and absorp- 
tion coefficient The solubility is decreased slightly, 
however, by the presence of salts or other solutes 
Hence the absorption coefficients are slightly lower 
for solution in blood plasma than for solution in 
water (Table 6 2) The values for whole blood are in 
fluenced also by the presence of the erythrocytes In 
general, the solubility of a gas is decreased by an in- 
crease in temperature 

Although carbon dioxide in solution combines with 
water to form H2CO3, this reaction does not cause 
deviations from Henry’s Law The two forms are 
present in a constant ratio, and the equilibrium is 
such that only one part m 680 is m the hydrated form 
at 38° C (Roughton, 1943-1944) 

When the absorption coefficient is known, it is a 
simple matter to calculate the tension from the milli- 
liters of gas per milliliters of solution and vice versa 
Hence it is often convenient to use the value repre- 
senting tension (in atmospheres or, more commonly, 
m mm Hg) as a measure of the concentration of phys- 
ically dissolved gas in a solution If the liquid after 
equilibration were separated from the gas phase, this 
would not change the tension of the dissolved gas, 
hence the use of this measure does not require the 
presence of a gas phase If the solution were subse- 
quently exposed to a vacuum or to an atmosphere of 
other gases, however, the dissolved gas would tend to 
diffuse out of the solution Hence the tension of a 
dissolved gas can be regarded as a measure of its 
tendency to escape from solution 

Aqueous tension Water itself, when exposed to a 
vacuum or to an atmosphere of other gases, tends to 
evaporate until an equilibrium is reached between 
the gas phase and the liquid Although it is common 
to speak of the air becoming saturated, the tension or 
vapor pressure of water attained at equilibrium is not 

Table 6 2 

Absorption coefficients of gases in water blood plasma 
and whole blood in milliliters per milliliters and per 
atmosphere 



aOi 

OlCO 2 

aNa 

Water, 20° C 

0 0314« 

0 872" 

0 0155“ 

Water, 37° C 

0 0237^ 

0 547" 

0 0130" 

Plasma, 37° C 

0 0213^ 

0 521" 

0 0119^ 

Blood, 37° C 

0 0235" 

0 48" 

0 0132^ 


“ Radford, 1964 
^ Rossier et al , 1960 

Van Slyke et al , 1934 (corrected to 37° C) 
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affected by the presence or absence of other gases It 
depends simply upon the temperature At body tem- 
perature (37° C) the aqueous tension of water is 47 
mm Hg Substances m solution reduce the aqueous 
tension by small amounts 

Encm^nge of Sases ieh the Langs 

CONCEPT OF TENSION GRADIENTS 

Oxygen from the air m the alveoli enters the 
blood m the pulmonary capillaries by diffusion 
through the alveolar and capillary membranes, 
while carbon dioxide diffuses m the reverse 
direction The transfer of a quantity of gas by 
diffusion can occur only from a place of higher 
to a place of lower concentration, i e , in the 
direction of a concentration gradient Strictly 
speaking, such a gradient would be defined as a 
decrease in concentration per unit of distance 
However, the actual distance traversed may not 
be precisely known and may not be of major 
interest It is customary to refer to the total dif- 
ference in oxygen tension between alveolar air 
and pulmonary blood plasma as the oxygen dif- 
fusion gradient The direction of this gradient 
is from the higher (alveolar) toward the lower 
(capillaiy) tension The carbon dioxide gra- 
dient, stated in the same terms, is in the oppo- 
site direction Similar gradients exist between 
the blood plasma and the interstitial fluid, and 
in turn between the interstitial fluid and the 
interior of the respiring cells In each case, the 
tension gradients are to be regarded as the 
driving forces for the exchange of gases Com- 
bined forms of oxygen and carbon dioxide ex- 
isting in the blood play no direct role in these 
exchanges, they serve only as reservoirs which, 
by dissociation and the laws of mass action, 
replenish and maintain the tensions of the 
physically dissolved gases 

The rate of diffusion of a gas through a liquid 
per unit of tension gradient is directly propor- 
tional to the solubility of the gas and inversely 
proportional to the square root of its molecular 
weight Hence, at a given tension gradient and 
at body temperature, the diffusion rate of 
carbon dioxide in solution is about 20 times 
that of oxygen 

THE ALVEOLAR AIR 

The mixture of gases in the alveoli consists of 
inhaled air from which oxygen is being re- 
moved and to which carbon dioxide and water 
vapor are being added Under resting condi- 
tions each inhalation brings into the respiratory 


system a volume of air representing less than 
10^ of the total lung capacity, and not ail of 
this reaches the alveoli Hence the composition 
of the alveolar air shows only minor fluctua- 
tions with the respiratory cycle The composi- 
tion IS not exactly the same in all parts of the 
lung. Since there are variations m the effective- 
ness of ventilation The average composition, 
however, is maintained approximately constant 
by the mechanisms regulating the respiratoiy 
rate and volume 

A sample of expired air taken near the end of 
a normal expiration (end-tidal sample) is fairly 
representative of the average composition of 
alveolar air The Rahn sampler is a device 
which automatically collects end-tidal samples, 
permitting continuous analysis and recording of 
the alveolar air (Rahn and Otis, 1949) In the 
older technique of Haldane and Priestley, al- 
lowance is made for small differences occurring 
during the respiratory cycle by taking two sam- 
ples one from the last part of a forced expira- 
tion following a normal inspiration, the other 
from a forced expiration following a normal 
expiration The average of the two is taken to 
represent the mean composition of the alveolar 
air (Rossier et al , 1960) The ''functionary al- 
veolar oxygen tension can be obtained by an 
indirect method based on the "alveolar air 
equationyy, this calculation requires analysis of 
the expired air (collected over a period of about 
5 min ) and measurement of the arterial CO 2 
tension It is assumed that the mean CO 2 ten- 
sion of the alveolar air is equal to that of the 
arterial blood (Riley et al , 1946, Otis, 1964) 

The air in the lungs has a temperature of 
about 37° C and is usually considered to be 
saturated with water vapor Its aqueous tension 
IS therefore 47 mm Hg ^ When the air cools 
after exhalation, some of the water vapor con- 
denses The tension of water vapor in room air 
at 22° C could be no higher than 20 mm Hg 
and is usually much lower 

In the measurement of respiratory gases, the 
volumes are expressed dry (1 e , less the 
aqueous vapor) and at standard temperature 
and pressure The individual gases are ex- 

^ Christie and Loomis (1932), from direct measure- 
ments, obtained a slightly lower value for the aqueous 
tension of alveolar air (45 mm Hg) They claim that 
the alveolar air is not fully saturated and that the 
temperature of the lung is lower than is usually as- 
sumed Hyperpnea reduced the aqueous tension by as 
much as 7 mm Hg Holding the breath increased it 
by 0 5 mm Hg 
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pressed as percentages of the dry volume In 
order to arrive at the tension of a gas from its 
percentage by analysis, the figure for the baro- 
metric pressure less the aqueous tension must 
be used m the calculation For example, if a 
sample of alveolar air (dry) is 5 6% CO 2 , and 
the barometric pressure is 760 mm Hg, the 
alveolar carbon dioxide tension is calculated as 
follows 

Paco^ = (5 6/100)(760 - 47) = 40 mm Hg 

In Table 6 3 the aoern^e com posit 
veolar aiT] ^ sgsr level) as, compared ja ziTiJa-4:.hft 
known c omposition of dry atm asnhmc-mr The 
latter does not show significant variations 
within the troposphere Values for oxygen, 
carbon dioxide and nitrogen tensions also are 
given 

During voluntary hyperventilation the al- 
veolar tension of CO 2 falls and that of oxygen 
rises When the breath is held or during periods 
of apnea, changes occur in the reverse direc- 
tion At higher altitudes, the alveolar oxygen 
and nitrogen tensions are reduced along with 
the barometric pressure, but the alveolar PcOj 
does not show a proportionate decrease since it 
IS controlled by the rate of ventilation of the 
lungs The percentage of CO 2 therefore in- 
creases as the barometric pressure decreases 
and the oxygen and nitrogen percentages must 
accordingly decrease When the PO 2 is reduced 
enough to reflexly increase the breathing, the 
PCO 2 begins to fall and the decrease in P 02 is 
partially compensated 

Although a small but constant amount of ni- 
trogen is physically dissolved in the blood (in 
accordance with Henry’s Law), gaseous ni- 
trogen IS neither used nor produced in metabo- 
lism Argon and other inert gases are usually 
included under ‘"nitrogen,” since no distinction 


Table 6 3 

Atmospheric and alvolar air 



0. 

0 

0 


Atmospheric air 

Per cent (dry) 

20 95 

0 04 

79 01 

Tension, mm Hg* ^ 

157 

03 

593 

Alveolar air 

Per cent (dry) 

14 0 

5 6 

80 4 

Tension, mm Hg* 

100 

40 

573 


® Includes other inert gases, 0 93% 

^ At sea level, barometric pressure 760 mm Hg 
Assuming absolute humidity of 10 mm Hg 


need be made m discussions of respiratory phy- 
siology It will be noted that the percentage of 
nitrogen is slightly higher in alveolar air than 
in the inspired air This is due, not to any ab- 
solute increase in the quantity of nitrogen, but 
to the reduction of the total volume of the res- 
piratory gases resulting from the fact that the 
oxygen consumption exceeds the CO 2 produc- 
tion 

BLOOD GASES 

Oxygen and Carbon Dioxide Tensions The 
miked venous blood, which enters the ^Imo- 
nary arteries and is carried to the lungs, has an 
oxygen tension of about 40 mm Hg The gra- 
dient in oxygen tension from alveolar air to the 
blood as it enters the pulmonary capillaries is 
therefore about 60 mm Hg With this gradient 
as the dnving force, oxygen diffuses across the 
alveolar and capillary membranes Equilibrium 
is quickly established, and as the blood leaves 
the pulmonary capillaries it is nearly saturated 
with oxygen A sample of blood obtained from 
a systemic artery is found to have an oxygen 
tension slightly lower than that of the alveolar 
air, not because of failure to attain equilibrium 
across the pulmonary membranes, but for rea- 
sons to be discussed later 

The venous blood has a CO 2 tension of about 
46 mm Hg, hence at the entrance of a pulmo- 
nary capillary the diffusion gradient for the 
transfer of CO 2 to the alveolar air is only about 
6 mm Hg However, since CO 2 is more soluble 
than oxygen, this gradient suffices for the re- 
moval from the blood of an amount of CO 2 
almost equivalent to the oxygen absorbed, and 
equilibrium is reached before the blood leaves 
the pulmonary capillary Within the limit of 
error involved in alveolar air sampling, the CO 2 
tension of arterial blood is found to equal that 
of the alveolar air ^ 

The great rapidity with which these ex- 
changes occur IS evident from estimates of the 
time spent by an individual corpuscle in tra- 
versing a pulmonary capillary Houghton (1945) 
has estimated that the “transit time” is about 
0 75 sec under resting conditions and is re- 
duced to about half this value by strenuous ex- 
ercise 

2 The end-expiratory CO 2 tension is measurably 
lower than the arterial value in shallow breathing and 
in pathological conditions characterized by significant 
alveolar dead space 
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Oxygen Content and Capacity The amounts 
of gases m biood are commonly expressed in 
terms of volumes percent, i e , milliliters of gas 
(stpd) per 100 milliliters of blood From the 
absorption coefficient of oxygen and the oxygen 
tension, it can be calculated that the physically 
dissolved oxygen m arterial blood amounts to 
only 0 3 volumes per cent If the transport of 
oxygen by the blood were dependent upon 
physical solution alone, an enormous cardiac 
output would be required to supply the amount 
of oxygen needed by the tissues Actually most 
of the oxygen is carried in combination with 
hemoglobin,^ and the total oxygen content of 
the arterial blood is about 20 volumes per cent 
All of this oxygen can be removed from the 
blood by evacuation 

The oxygen content of blood is dependent 
upon the oxygen tension, but the relationship 
between these two variables is not linear It is 
described by the oxygen dissociation curve, 
which will be discussed in detail in a later sec- 
tion If blood IS equilibrated with air at 760 
mm Hg, the hemoglobin becomes saturated 
The oxygen content of the blood, corrected by 
subtracting the small amount in physical solu- 
tion, then represents the oxygen capacity of the 
hemoglobin The oxygen capacity is a measure 
of the active hemoglobin content, since 1 g of 
hemoglobin will combine with exactly 1 34 ml 
of oxygen (stpd) Hemoglobin values calculated 
from precise measurements of oxygen capacity 
are often used as a basis for standardizing col- 
orimetric methods for the determination of 
hemoglobin, but it must be remembered that 
many blood samples contain traces of inactive 
hemoglobin compounds such as methemoglobin 
and carboxyhemoglobin 

The ratio of the oxygen content (after correc- 
tion for dissolved oxygen) to the oxygen ca- 
pacity of the hemoglobin is a measure of the 
degree of saturation of the hemoglobin This 
ratio is usually multiplied by 100 to give the per 
cent saturation In arterial blood the hemo- 
globin is normally about 97% saturated The 
amount of oxygen given up by the blood as it 
passes through the tissues varies from one re- 
gion to another and from time to time, de- 
pending upon the blood flow and the metabolic 
rate in the region concerned Under resting 
conditions the average arteriovenous difference 

® See section 4, Chapter 4 for a discussion of the 
chemistry of hemoglobin 


is about 5 volumes per cent The mixed venous 
blood, then, has an oxygen content of about 15 
volumes per cent and its hemoglobin is about 
75% saturated Samples of mixed venous blood 
can be obtained from human subjects by car- 
diac catheterization 

Average normal values for blood gases and 
hemoglobin content are summarized in Table 
64 

Carbon Dioxide Content The tension of COj 
in the alveolar air is lower than that of oxygen, 
but the absorption coefficient of CO 2 is much 
the higher of the two The calculated amount of 
CO 2 present in simple solution m the artenal 
blood IS 2 5 volumes per cent This is distrib- 
uted between the red cells and the plasma 

The total carbon dioxide content is the quan- 
tity of CO 2 that can be extracted from 100 ml 
of blood by exposure to a vacuum after the ad- 
dition of acid In arterial blood this amounts to 
about 46 volumes per cent A large fraction of it 
exists in the form of bicarbonate ions, some of 
this IS in the plasma and a smaller portion is 
inside the erythrocytes Another fraction is 
bound to hemoglobin in the erythrocytes as 
carbaminohemoglobin 

These various forms of carbon dioxide exist 
in equilibnum with each other in the blood, 
and all are involved in the transport of CO 2 
When CO 2 enters or leaves the blood, a rapid 
readjustment of the equilibrium occurs 

Carbon Dioxide-Bicarbonate-pH Relation- 
ships The dissociation of a weak acid is de- 
scribed quantitatively by the Henderson-Has- 
selbalch equation, which is the logarithmic 
form of the law of mass action (see sect 4, 


Table 6 4 

Average normal analytical values for arterial and venous 
blood 



Arterial 

Venous 

0 2 tension, mm Hg 

93 

40 

CO 2 tension, mm Hg 

40 

46 

Dissolved O 2 , vol % 

03 

01 

Total O 2 content, vol % 

19 8 

15 2 

0 2 capacity of Hb, vol % 

20 1 

201 

O 2 saturation of Hb, % 

97 

75 

Hemoglobin, g per 100 ml 

15 

15 

Dissolved CO 2 , vol % 

25 

29 

CO 2 content, vol % 

46 

50 

Plasma CO 2 content, vol % 

56 

60 

Plasma CO 2 content, mM 

25 

27 

Plasma pH 

7 38 

7 35 
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chap 11 ) As applied to the carbonic acid-bi- 
carbonate system, this equation is 

pH = pK + log[HC03i/[H3C03] 

where pK is the negative logarithm of the dis- 
sociation constant of carbonic acid 

Carbon dioxide forms carbonic acid by hy- 
dration 

CO2 -h H^O^H^COa 

The hydrated and unhydrated forms reach an 
equilibrium, and the dissolved carbon dioxide 
IS the sum of the two forms However, the equi- 
librium point is so far to the left that only 
about 0 15% IS in the hydrated form at 38® C 
Hence the concentration of the unhydrated 
form, designated [CO 2], can be considered 
equal to the dissolved carbon dioxide with only 
a negligible error The small concentration of 
H2CO3 is directly proportional to [CO 2] Hence 
if an appropriate value for K is used, the equa- 
tion can be written 

pH = pK' -f- log[HC 03 -]/[C 02 ] 

The established value for pK' in blood plasma 
IS 6 at 37° C When the plasma pH is 7 4, 
therefore, the ratio of plasma bicarbonate to 
dissolved carbon dioxide is 20 1 The concen- 
trations of CO 2 and HCOg" can be expressed 
either in millimoles per liter or in volumes per 
cent of CO 2, the value for pK' is 6 10 in either 
case 

The dissolved carbon dioxide can be calcu- 
lated from the CO 2 tension and the absorption 
coefficient a as determined on acidified plasma 
(Table 6 2) The plasma [HCOg"] can be ob- 
tained by subtracting the dissolved CO 2 from 
the total measured CO 2 content of the plasma 
Incorporating these considerations, the equa- 
tion becomes 

pH = 6 10 -f log([CO 2 contend — aPcOal/aPcOa 
If concentrations are expressed in volumes per 

^Calculated from precise measurements of PcOj, 
pH, and CO 2 content or bicarbonate m plasma K' 
therefore is a composite constant including the true 
dissociation constant of H2CO3, the equilibrium con- 
stant for the hydration of COj, the activity coefficient 
of the bicarbonate ion, and a small correction for 
equating [CO2I with the dissolved carbon dioxide 
The pK' value varies slightly with pH, probably be- 
cause traces of carbonate and of plasma carbamino- 
bound carbon dioxide are included in the measure- 
ments of bicarbonate (Severmghaus et al , 1956 , Sig- 
gard Anderson, 1962 a) 


cent and PCO2 m millimeters of mercury, the 
value for a becomes 0 0686 In terms of milli- 
moles per liter and mm Hg, a is 0 0308 (since 
1 mole of CO 2 at stpd occupies 22 26 liters) 

This equation is very useful since if any two 
of the three variables are measured the third 
can be calculated Its application to whole 
blood, however, is complicated since the carbon 
dioxide content of blood includes a consider- 
able portion present as carbammohemogiobm 
and the intracellular and extracellular concen- 
trations of H^ and HCOg" are complexly re- 
lated 

Measuri-Tif Gases 

For many years the most widely used 
methods for the measurement of respiratory 
gases were those developed by J S Haldane at 
Oxford and by D D Van Slyke and his asso- 
ciates at The Rockefeller Institute Numerous 
modifications of these methods have been de- 
scribed, and micro methods based on the 
sample principles have been introduced These 
methods depend upon the careful measurement 
of gas volumes and pressures and the selective 
absorption of carbon dioxide and of oxygen by 
appropriate reagents In the analysis of blood 
the gases are first released by chemical treat- 
ment and vacuum extraction 

More recently, various electronic and other 
instruments have been devised for the measure- 
ment or continuous monitoring of oxygen, CO 2, 
and nitrogen in gas mixtures, and of oxygen 
tension, hemoglobin saturation, and CO 2 ten- 
sion m blood Some of the more important 
methods now in use wiU be outlined briefly 
Detailed descriptions of these are available in a 
compilation by Consolazio et al (1963) or in 
other references cited 

ANALYSIS OF GAS MIXTURES 

Haldane Method The gas sample is held m a 
sampling tube over mercuiy or in an oiled syringe A 
10-ml volume is drawn into the gas buret and meas- 
ured at the prevailing atmospheric pressure and tem- 
perature CO 2 IS absorbed by strong potassium hy- 
droxide solution, and oxygen by an alkaline solution 
of potassium pyrogallate or of sodium hydrosulfite 
and sodium anthraqumone-|^-sulfonate, the respec- 
tive decreases in volume are recorded The per- 
centage of nitrogen is calculated from the volume of 
gas remaining unabsorbed The inside of the buret is 
kept wet with dilute sulfiiric acid to mamtam a con- 
stant aqueous tension throughout, the results then 
represent percentages on a dry basis 
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Scholander Method This is a rapid micro adapta* 
tion of the Haldane method employing an apparatus 
of ver>' different design A 0 5-ml gas sample is in- 
troduced into a small reaction chamber connected to 
a micrometer buret The buret is filled with mercury 
The pressure of the sample is balanced against that of 
air in a compensating chamber hy means of an indi- 
cating drop of fluid in a capillary tube connecting the 
two chambers Absorbing solutions for CO 2 and ox- 
ygen can be tilted into the reaction chamber without 
altering the total volume While a gas is being ab- 
sorbed, mercury is forced into the reaction chamber 
from the micrometer buret at a rate sufficient to 
maintain a constant pressure The volume of mercury 
introduced is then measured in terms of micrometer 
divisions 

The Pauling Oxygen Analyzer This instrument 
measures the partial pressure of oxygen in a gas mix- 
ture Its operation depends on the fact that oxygen is 
paramagnetic while most other gases are diamag- 
netic, 1 e , the magnetic susceptibility of oxygen is 
very much greater than that of any other common 
gas A small glass dumbbell filled with nitrogen or 
oxygen (depending on the range of the instrument) is 
suspended between the poles of a magnet by attach- 
ment to a vertically stretched silica fiber By rotating 
around the fiber, the dumbbell can move m the mag- 
netic field The incoming gas surrounds the dumb- 
bell, and the oxygen is attracted to the strongest part 
of the magnetic field The dumbbell is subjected to a 
magnetic force depending on the difference between 
the magnetic susceptibility of its spheres and that of 
the gas which the spheres displace, and rotates as the 
spheres move farther into or out of the magnetic 
field An equilibrium position is reached at which the 
magnetic rotational force is balanced by the restoring 
force of the twisted fiber Thus the operation of the 
instrument is analogous to the measurement of the 
density of a liquid by weighing a solid body sus- 
pended m the liquid A small mirror attached to the 
dumbbell reflects a light beam onto a scale which is 
calibrated to indicate oxygen tension The Pauling 
analyzer has proved to be particularly useful for the 
analysis of expired air in studies of metabolism em- 
ploying the open-circuit method 

The Infrared CO 2 Analyzer CO 2 absorbs infrared 
radiation in proportion to its concentration Rapidly 
responding instruments based on this property can be 
used for continuous monitoring of carbon dioxide in 
the expired air. The gas mixture is exhaled through a 
mouthpiece connected to the sampling tube, or a con- 
tinuous sample is drawn into the analyzer through a 
very small polyethylene catheter A beam of infrared 
radiation passes through the sample and then into a 
detector connected to an amplifier-recorder system 
The instrument registers the infrared absorption and 
can be calibrated in terms of per cent CO 2 (Collier et 
al , 1955) 


The Nitrogen Analyzer Gases subjected to elec- 
trical excitation ionize and emit radiation The ni 
trogen analyzer contains an electrical discharge tube 
through which a slow, steady stream of the gas mix 
ture is drawn at very low pressure A high potential is 
applied and the radiation at wavelengths character 
istic of nitrogen is passed by a suitable filter and al- 
lowed to activate a photoelectric cell The signal is 
amplified and indicated on a meter or recorder cali- 
brated in per cent nitrogen The response of the in 
strument is extremely rapid 

Gas Chromatography This recently developed 
technique seems destined to largely supersede other 
methods for the analysis of individual gas samples 
The apparatus for respiratory gases employs gas-solid 
chromatography, and usually includes two columns 
connected in series or in parallel, each with its own 
thermal conductivity detector The gas sample is in 
jected into a stream of helium entering the columns 
CO 2 IS separated from the other respiratory gases m 
one column, and, as the COj-laden portion of the he- 
lium carrier passes through the detector, a variation 
m thermal conductivity is recorded as a peak, the size 
of which is proportional to the percentage of CO 2 in 
the injected sample Oxygen and nitrogen are sepa 
rated and measured m the other column (Lysyj and 
Newton, 1963) 

Other Methods The Van Slyke apparatus, the po- 
larographic method for oxygen and the CO 2 electrode 
are applicable to gas mixtures, but more commonly 
are applied to the analysis of blood or plasma These 
methods are described m the next section The mass 
spectrograph also is sometimes used for the analysis 
of respiratory gases 

GASES IN BLOOD OR PLASMA 

Handling Blood Samples Blood for gasometnc 
studies must be drawn and handled without exposure 
to air It is sometimes drawn under oil or over mer- 
cury, but more commonly into a syringe which is 
immediately closed by replacing the needle with a 
cap The syringe may then be stored bnefly in ice 
water prior to the analysis The sampling tube or sy- 
ringe must contain an anticoagulant, usually a drop 
of heparin solution When plasma is required, it is 
obtained by centrifuging the blood under a layer of 
mineral oil or, preferably, in a closed syringe with the 
plunger held m position by a plastic case fitted 
around its exposed portion (Peters and Van Slyke, 
1932, Comroe, 1950) 

Tonometers As originally defined, a tonometer is 
an instrument for measuring tension However, the 
first methods used for measuring gas tensions m 
blood required equilibration of the blood with a gas 
phase and analysis of the gas Hence the vessel m 
which the equilibration was brought about came to be 
called a tonometer Many forms of apparatus have 
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Fig 6 1 Van Slyke-Neill manometric apparatus A 
leveling bulb B manometer C cup D waste tube E 
water jacket F reaction chamber G 0 5 ml mark H 20 
ml mark J 50 ml mark 

been devised for this equilibration For example, in 
experiments to establish the oxygen dissociation 
curve It is desirable to expose small volumes of blood 
to large volumes of gas mixtures This can be done in 
a closed space, or a stream of gas can be passed over 
the blood On the other hand, m the “bubble” 
method for measuring gas tensions a relatively large 
volume of blood is exposed to a bubble of air so small 
that the exchange of gases has a negligible effect on 
the composition of the blood 

The Van Slyke-Neill Manometric Apparatus {Fig 
6 1) The analysis of blood or plasma is carried out by 
filling the reaction chamber with mercury and 
drawing m a 0 1 to 2 0-ml sample, preceded or fol- 
lowed by reagents to free the gases Carbon dioxide is 
released by lactic acid, and oxygen by potassium fer- 
ncyanide with saponin added to induce rapid hemol- 
ysis The gases are extracted by lowering the mercury 
to the 50-ml mark to create a vacuum and agitating 
the contents of the chamber with a shaking motor or 
a magnetic stirrer The volume of the extracted gases 
IS then reduced to 0 5 ml or 2 0 ml and the corre- 
sponding pressure is read on the manometer A small 
amount of sodium hydroxide is introduced into the 
chamber to absorb the CO 2 , and from the observed 
decrease in pressure at constant volume the CO 2 con- 
tent of the sample is calculated The oxygen content 


IS determined in the same way by absorption with a 
sodium hydrosulfite-sodium anthraquinone-|S-sul- 
fonate mixture 

By this method the oxygen and carbon dioxide 
contents can be measured on a single blood sample 
Oxygen capacity is determined on a separate sample 
by first equilibrating the blood with air to saturate 
the hemoglobin and then measuring its oxygen con- 
tent The per cent saturation of hemoglobin m the 
original sample can then be calculated The oxygen 
tension can be determined from the standard oxygen 
dissociation curv^e, provided the pH of the blood also 
IS carefully measured and the necessary correction 
applied ( Seven nghaus, 1958) This method gives reli- 
able values for oxygen tension in the range between 0 
and about 60 to 70 mm Hg, but at higher levels the 
curve becomes too flat to allow accurate readings 

The carbon dioxide tension and the plasma bicar- 
bonate^ can be calculated from the carbon dioxide 
content and the pH of the plasma by use of the Hen- 
derson-Hasselbalch equation Either plasma or whole 
blood may be used, but loss of CO 2 must be avoided 
The plasma CO 2 content may be measured on sepa- 
rated plasma or may be calculated from the analysis 
of whole blood However, if whole blood is used it is 
necessary to determine the hematocrit (or the oxygen 
capacity) and the per cent saturation of hemoglobin 
as well as the CO 2 content These data are needed 
since the CO 2 contained in the erythrocytes is propor- 
tional to the volume they occupy, and is influenced 
by the state of oxygenation of the hemoglobin as ex- 
plained in a later section In practice the calculations 
are greatly simplified by the use of line charts, called 
nomograms, which graphically represent the Hen- 
derson-Hasselbalch equation and the relations be- 
tween plasma and whole blood (Van Slyke and Sen- 
droy, 1928, Singer and Hastings, 1948) 

The Van Slyke volumetric apparatus operates on 
the same general principle as the manometric appa- 
ratus It is less accurate and less versatile than the 


The plasma bicarbonate represents the alkali re- 
serve Van Slyke and Cullen introduced a determina- 
tion of plasma carbon dioxide capacity or combining 
power which, although inexact, is often used clinically 
as a measure of the alkali reserve In this method the 
blood is drawn and centrifuged without strict anaer- 
obic precautions, and the plasma is subsequently 
equilibrated with alveolar air at room temperature 
and analyzed for carbon dioxide content From this 
the bicarbonate concentration at 20° C is calculated 
The variable losses, being accompanied by shifts of 
bicarbonate into the cells, are not accurately replaced 
by the equilibration, but the method usually gives 
values somewhat higher than the original bicarbonate 
concentration since the solubility of carbon dioxide is 
higher at the lower temperature 
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manometnc, but is simpler to operate, and is widely 
used for measuring blood gases m clinical laborato- 
ries After extraction, the gases are measured by ob- 
serving the volume occupied at a fixed pressure (at- 
mospheric), ratner than the pressure exerted at a 
fixed volume (Peters and Van Slyke, 1932) 

Ultramicro Gasometric Methods Natelson (1957) 
devised a manometnc apparatus similar in principle 
to that of Van Slyke and Neill, but adapted for meas- 
urements on 0 03-ml quantities of blood or plasma 
More recently. Van Slyke and Plazin (1961) de- 
scribed a modification of the Van Slyke-Neill appa- 
ratus applicable to 0 025 to 0 030-ml samples Volu- 
metric procedures on the same scale, developed by 
Roughton and Scholander, employ a device con- 
sisting of a capillary buret sealed to the nozzle of a 1- 
ml tuberculin syringe 

Blood Gases by Gas Chromatography For the 
analysis of blood by this method it is only necessary 
to supplement the gas chromatograph (described pre- 
viously) with a blood gas releasing system (Lenfant 
and Aucutt, 1966) The sample is mixed with re- 
leasing agents in a small chamber previously flushed 
with helium, and the evolved gases are earned into 
the chromatographic column by a stream of helium 
An analysis can be completed in 10 mm or less 

The '^Bubble'" Method for Oxygen and Carbon 
Dioxide Tensions A small bubble of air is equili- 
brated with blood at body temperature The bubble is 
then analyzed by micro methods, and from the per- 
centages of oxygen and CO 2 the corresponding ten- 
sions are calculated If the volume of the bubble is 
kept very small in relation to the volume of blood, the 
amounts of oxygen and CO 2 exchanged during equili- 
bration are insignificant and the results represent the 
original tensions in the blood This method was intro- 
duced by Krogh in 1908, and several appropriate 
forms of apparatus have been devised The 
Roughton -Scholander syringe analyzer is advanta- 
geous since it can be used for both the equilibration 
and the gas analysis (the “Riley technique”) 

Polarographic Measurement of Oxygen Tension If 
a platinum electrode in contact with a solution is 
made 0 6 to 0 7 volt negative to a chlonded silver 
electrode, dissolved oxygen molecules at the platinum 
surface receive electrons and are reduced to either Hj- 
O 2 or OH" The current passing firom the platinum is 
linearly related to the availability of dissolved oxygen 
molecules at its surface When the platinum is in di- 
rect contact with the blood, however, the current flow 
IS mfluenced by stirring and other factors which 
make adequate calibration difficult In the Clark 
electrode the electncal cell is separated from the 
blood by a thin polyethylene membrane that is 
permeable to oxygen (and CO 2 ) but impermeable to 
electrolytes and most other solutes If the platinum 
surface area is very small and the membrane is of the 
nght thickness, this electrode shows a fairly rapid 
response, is insensitive to stirring, and can be cali- 


brated to record oxygen tension m millimeters of 
mercury It can be used to analyze either solutions or 
gas mixtures, and for monitoring in vivo (Torres, 
1963, Charlton et al , 1963) 

The ox>gen electrode has been applied to the 
measurement of oxygen content of blood by first 
mixing the sample with a ferncyanide reagent to re 
lease the oxygen into a known volume of solution 
The oxygen content is calculated from the tension 
observed and the solubility coefficient (Tucker, 1967, 
Cole and Hawkins, 1967) 

The Carbon Dioxide Electrode This consists of a 
glass electrode, sensitive to pH changes, m contact 
with a thin layer of a solution containing a small con- 
centration of bicarbonate ion and separated from the 
blood by a Teflon membrane Since the membrane is 
permeable to carbon dioxide but not to ions, the pH 
of the sample cannot affect the pH at the glass elec- 
trode surface The measured pH of the bicarbonate 
solution varies with the negative logarithm of the CO 2 
tension, in accordance with the Henderson-Hassel- 
balch equation The electrode is calibrated against 
solutions of known CO 2 tension (Sevennghaus and 
Bradley, 1958) 

Interpolation Method for Carbon Dioxide Tension 
and Related Variables A graph showing the relation 
between log PcOg and the pH of a blood sample is a 
straight line By equilibrating a blood sample at two 
known PcOg levels and measuring the corresponding 
pH values, two points of the graph are determined 
and the curve for the sample can be drawn If the pH 
of the sample before equilibration is also measured, 
its PcOa can be found from the graph Carbon di- 
oxide-oxygen mixtures are used for the equilibrations 
so that the hemoglobin will be fully oxygenated, a 
small estimated correction can be applied if the 
sample initially is not completely oxygenated Astrup 
(1961) described a capillary glass electrode and an 
equilibration unit, both thermostated at 38° C, with 
which the procedures can be carried out rapidly on a 
microscale 

In addition to CO 2 tension, a number of other var- 
iables concerned with the acid-base balance can be 
calculated with the aid of a nomogram (Siggaard 
Anderson and Engel, 1960, Siggaard Anderson, 
1962b) These include the standard bicarbonate of 
the plasma, ® the buffer base and base excess (or defi- 
cit) of the blood, and the plasma bicarbonate, CO 2 
content and CO 2 combining power The three pH 
values are the only measurements necessary 

Photoelectric Oximetry An oximeter is a photoe- 
lectric photometer for measuring the fraction of he- 

® Standard bicarbonate is defined as the bicar- 
bonate concentration in the plasma of blood brought 
to a PCO 2 of 40 mm Hg at 38° C with the hemo- 
globin fully oxygenated This variable is useful m 
studies of nonrespiratory acid -base disorders since it 
is not influenced by variations m PCO 2 or oxygena- 
tion 
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moglobin in the oxygenated form Oxyhemoglobin 
absorbs less visible red light (620 to 770 m^), and 
therefore transmits and reflects more in this wave- 
band, than does reduced hemoglobin Infrared light 
of 805 m/z, however, is absorbed equally by oxygen- 
ated and reduced hemoglobin A transmission oxim- 
eter measures light transmitted by blood in both 
red and infrared regions, and the oxygen saturation is 
determined from the ratio of the two readings Some 
oximeters employ cuvettes in which the blood is con- 
tained or through which it is passed during either 
withdrawal from the body or diversion through an 
extracorporeal circuit Reflection oximeters also are 
available Instruments currently in use have been 
compared and evaluated by Cole and Hawkins (1967) 
The ear oximeter is designed to record the oxygen- 
ation of the blood passing through the capillaries of 
the pinna The ear is warmed to some extent by the 
earpiece, with the result that a localized vasodilation 
occurs The capillary blood then is essentially arterial, 
since the oxygen utilization in this region is very 
small A transparent pneumatic pressure capsule is 
interposed between the light source and the ear so 
that allowance can be made for the light absorbed by 
the bloodless (pressurized) ear (Wood et al , 1960) 

The Oxyge n Dissociation Curv e 

The equilibrium between oxygen and hemo- 
globin IS described by the oxygen dissociation 
curve, in which the per cent saturation of he- 
moglobin IS plotted against the oxygen tension 
Since oxygen tension must be regarded as the 
independent variable, it is represented on the 
abscissa while per cent saturation (the de- 
pendent variable) is on the ordinate The equi- 
libnum IS influenced by electrol 3 d;es and other 
variables, hence curves determined on pure 
hemoglobin solutions differ in their exact shape 
and position from those determined on whole 
blood By equilibrating blood with known gas 
mixtures, Barcroft and Poulton (1913) deter- 
mined the curves shown in Fig 6 2 For each 
curve the carbon dioxide was held constant 
while the oxygen tension was varied It is evi- 
dent that increasing the CO 2 tension increases 
the dissociation, thus shifting the curve to the 
right (the “Bohr effect”) This is due mainly 
to hydrogen ions produced by the dissociation 
of carbonic acid, but in part also to the forma- 
tion of carbaminohemoglobm (Roughton, 1964) 
The hydrogen ion effect is related to the be- 
havior of oxyhemoglobin and reduced hemo- 
globin as acids and the fact that the oxygenated 
form IS a stronger acid than the reduced form, 
as discussed in a later section 

An increase in temperature also shifts the 
curve to the right (increasing dissociation) Var- 


% 

Saturation 



Fig 6 2 Dissociation curves of human blood exposed 
to 0 3 20 40 and 90 mm CO 2 Ordinates percentage 
saturation Abscissae oxygen pressure (After Barcroft and 
Poulton 1913) 

lations in blood electrolyte concentrations ordi- 
narily are too small to have measurable effects 
on the oxygen dissociation curve 

With changing oxygenation it is not possible 
to hold both the Pco-. and the pH constant 
(without adding acid or alkali), if PcOg remains 
constant the pH must shift slightly m the acid 
direction with increasing oxygenation since 
oxyhemoglobin is a stronger acid than reduced 
hemoglobin It is now customary to use the 
standard oxygen dissociation curve at 37° C 
and plasma pH of 7 40 (Fig 6 3) This has been 
established for human blood by careful meas- 
urements in several different laboratories, the 
observed values were subjected to pH and tem- 
perature corrections where necessary Severing- 
haus (1958) has prepared a nomogram from 
which the corrections can be calculated and 
from which dissociation curves for various 
values of plasma pH and temperature can be 
denved The reason for the sigmoid shape of 
the curve is discussed m section 4, chapter 4 

Individual Variations and Species Differ- 
ences The position of the oxygen dissociation 
curve IS conveniently established by deter- 
mining the point at which the hemoglobin is 
half-saturated On the standard curve (Fig 6 3) 
this occurs at an oxygen tension of 26 mm Hg 
The dissociation curve of the blood has been 
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Oxygen Tension (mm Hg) 

Fig 6 3 Standard oxygen dissociation curve of 
human blood at 37® C and plasma pH 7 40 Important 
points on the curve are the Pq^ at half-saturation (26 mm 
Hg) 75% saturation (40 mm Hg) and 97% saturation 
(99 mm Hg) The heavy line represents the normal work- 
ing range between arterial and mixed venous blood It 
deviates slightly from the standard curve because the 
venous blood is 0 02 to 0 03 pH units more acid than the 
arterial blood 

determined from time to time over a period of 
years in several persons and is found to be un- 
affected by age changes, but small variations 
occur in blood from different individuals In 
the cases of human and canine blood the ten- 
sion required for half saturation at 37® C and 
at plasma pH 7 40 usually lies within the range 
of 25 to 30 mm Hg For blood from cats and 
sheep the value is about 1 5 times as large, in- 
dicating a lower affinity for oxygen The curve 
for blood of pigs, bullocks, and horses is similar 
to that of man Since the hemes in blood of all 
species are chemically identical, the variations 
in affinity for oxygen are attributed to differ- 
ences m the globm part of the molecule The 
species differences in oxygen affinity are not 
correlated with the ability to withstand a lack 
of oxygen, indicating a preponderance of other 
factors m resistance to anoxia (Roughton, 1964) 

Abnormal Hemoglobins Hemoglobin var- 
iants may modify oxygen exchange in man 
Hemoglobins with higher than normal affinity 
for oxygen occur, and are accompanied by 
compensatory polycythemia since they release 
oxygen to the tissues less readily than does 
normal hemoglobm There are also examples of 


hemoglobins with low oxygen affinity and asso- 
ciated anemia Alterations m the giobm part of 
the molecule account for the variations m af- 
finity (Lenfant et al , 1970) 

Physiological Regulation of Oxygen Affinity 
Recent studies ha\e revealed that the erythro- 
cytes have an intrinsic adaptive mechanism for 
regulating the position of the oxygen dissocia- 
tion curve (Benesch and Benesch, 1970, Len- 
fant et al , 1970, Rose, 1970) These cells con- 
tain a uniquely high concentration of 2,3-di- 
phosphogiyceric acid (DPG), which tends to 
become reversibly bound to certain sites in the 
globm of reduced hemoglobin but does not bind 
to oxyhemoglobin The complex must dissociate 
for oxygen to be bound An increase m DPG 
therefore shifts the oxygen dissociation curve to 
the right DPG is formed by a side reaction of 
the glycolytic pathway, and its level is in- 
creased in response to low oxvgen tension in 
the capillary or venous blood This adjustment 
requires only a day or two after ascent to a high 
altitude Calculations show that it would con- 
tribute to acclimatization, increasing the 
amount of oxygen released from the hemo- 
globin by possibly at 15,000 ft , although 
at such an altitude the arterial oxygen values as 
well as the venous values are on a steep part of 
the dissociation curve In anemias and hypoxic 
states resulting from low cardiac output, the 
same adjustment occurs and, since the arterial 
blood is almost completely oxygenated, the 
shift of the curve to the right undoubtedly is an 
important aid in the delivery of oxygen 

Alterations in the red cell DPG levels 
brought about by abnormal enzymatic activities 
are found to result in compensatory anemia or 
polycythemia These effects are comparable to 
those of hemoglobin variants previously men- 
tioned 

In blood stored for transfusions, a slow de- 
crease m DPG brings about an increased ox- 
ygen affinity with the result that after transfu- 
sion of large quantities the release of oxygen to 
the tissues is subnormal This change in the 
blood is influenced by the preservative used, 
and can be retarded by the addition of inosme 
(Bunn et al , 1969) 

Oxygen Dissociation Curve of Fetal Blood 
The curve for fetal blood at pH 7 40 lies to the 
left of the standard curve, while the curve for 
maternal blood is in the normal position or 
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Fig 6 4 Changes in Pq^ of blood during its passage 
through the lungs (From Connroe et al 1962) 

sometimes a little to the right (Darling et al , 
1941) This means that the affinity for oxygen 
IS higher in fetal than m maternal blood, a fact 
established for the human and several other 
species by various workers The difference in 
affinity is thought to aid in the transfer of ox- 
ygen from the maternal to the fetal circulation 
in the placenta Fetal hemoglobin differs in 
structure from adult hemoglobin, and its ox- 
ygen affinity is less influenced by DPG (Tyuma 
and Shimizu, 1970) 

Oxygen and Carbon Dioxide 
T ransport 

OXYGENATION OF ARTERIAL 
BLOOD 

Under normal resting conditions the blood 
passing through an alveolar capillaiy is thought 
to reach equilibrium with the air in the alveolus 
well before arriving at the end of the capillary, 
despite the brevity of the transit time (Fig 6 4) 
If this were not so, the great reductions in 
transit time and in venous blood oxygen con- 
tent which occur during severe exercise would 
lead to a considerable decrease m oxygenation 
of the arterial blood Actually, severe exercise 
bnngs about only a very slight decrease in the 
oxygen tension of arterial blood while slightly 
increasing that of alveolar air, the alveolar-ar- 
terial P 02 difference increases from 4 to 9 mm 
Hg under resting conditions^ to about 13 to 18 
mm Hg in severe exercise (Rossier et al , 1960) 

The existence of a measurable POg difference 

Slightly higher values are found by many investi- 
gators, the method used for sampling the alveolar air 
IS of critical importance 


between alveolar air and arterial blood is at- 
tributed to two factors 1) admixture of small 
amounts of venous blood with the oxygenated 
blood and 2) uneven effectiveness of ventilation 
in relation to blood flow m different parts of 
the lungs Sources of venous admixture nor- 
mally include the bronchial and coronary circu- 
lations, pathologically there may also be puimo- 
naiy arteriovenous shunts Blood from venous 
sources could decrease the arterial PO 2 signifi- 
cantly without causing a perceptible change in 
the PCO 2 , since the total difference between 
venous and arterial PcOg is only 6 mm Hg 
Uneven ventilation relative to blood flow 
would not be expected to measurably influence 
the arterial PCO 2 since underventilation of some 
alveoli (as compared with the mean for all al- 
veoli) would be compensated for by overventila- 
tion of others But an effect on arterial PO 2 
occurs and is related to the shape of the oxygen 
dissociation curve Because of the flattening of 
the curve at its upper end, increasing oxygen 
tension above 95 mm Hg adds very little to the 
blood oxygen content, hence overventilated 
alveoli cannot supply extra oxygen sufficient to 
compensate for the effects of underventilated 
alveoli The alveolar-arterial POg difference 
decreases when the alveolar oxygen tension is 
reduced to a level falling on a steeper part of 
the oxygen dissociation curve 

Although the alveolar-arterial PO 2 difference 
is small and of little consequence in normal 
subjects, it becomes a matter of importance m 
certain respiratory disorders Methods have 
been developed to evaluate separately the ef- 
fects of 1) venous admixture, 2) uneven venti- 
lation-blood flow relationships, and 3) impaired 
diffusion, since each of these may be a factor in 
respiratory dysfunction With regard to the 
second of these, ventilation and blood flow 
cannot be considered separately, the oxygen 
and CO 2 tensions in blood leaving the lungs are 
determined by the ratio between the ventila- 
tion of the alveoli and their capillary blood 
flow Alveoli that are relatively overventilated 
waste a fraction of their ventilation, and alveoli 
that are underventilated waste a fraction of 
their blood flow, and both types of alveoli con- 
tnbute to differences in gas tensions between 
alveolar air and arterial blood In some disor- 
ders, ventilation blood flow ratios are uneven 
enough to cause anoxemia or to exacerbate 
anoxemia resulting from decreased alveolar 
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ventilation (Comroe et al , 1962, Rahn and 
Fahri, 1964, West, 1965) 

The Working Range of Blood Oxygenation 
The normal range between arterial and mixed 
venous blood under resting conditions is shown 
m Fig 6 3 In arterial blood the hemoglobin is 
96 to 97 saturated with oxygen In the tissue 
capiUaries, outward diffusion of dissolved ox- 
ygen reduces the blood oxygen tension Accord- 
ingly, oxyhemoglobin dissociates, and the re- 
leased oxygen diffuses away m the dissolved 
form When the tension has been reduced to 40 
mm Hg, the level of saturation is about A 
slight decrease in the blood pH occurs (0 02 to 
0 03 pH units) due to the uptake of carbon di- 
oxide, hence the physiological curve deviates 
slightly from the standard dissociation curve at 
pH 7 40 

Depending upon the particular tissue and its 
activity at the moment, the blood in its passage 
through the capillaries loses from one-tenth to 
nearly all of its oxygen load The figure used to 
express the proportion of the total oxygen con- 
tent given up to the tissue is called the coeffi- 
cient of utilization Thus if the oxygen content 
of arterial blood is 19 5 volumes per cent and 
that of venous blood is 15 volumes per cent 
(i e , an arteriovenous difference of 4 5 volumes 
per cent) the coefficient is 4 5/19 5 or 0 23 As 
indicated above, the coefficient varies consider- 
ably for different tissues and for the same 
tissue m accordance with blood flow and meta- 
bohc activity During heavy exercise the overall 
coefficient of utilization increases to about 0 6, 
and that of active muscle to as high as 0 8 

Certain features associated with the shape 
and position of the oxygen dissociation curve are 
of the utmost physiological importance At the 
normal oxygen tension of alveolar air at sea 
level, the hemoglobin m the blood passing 
through the lungs becomes almost completely 
saturated The flattening of the upper part of 
the curve means that relatively little reduction 
m the per cent saturation occurs until the al- 
veolar PO 2 falls to about 607o of its value at sea 
level Such a decrease would occur on as- 
cending to an altitude of about 10,000 ft , and 
at sea level is not uncommon m cardiopul- 
monary disease Within this range, wide varia- 
tions in alveolar P 02 can occur with minimal 
changes m the total oxygen load of arterial 
blood. This circumstance constitutes a consid- 
erable safety factor On the lower part of the 
curve, the steep slope means that in this region 


a given fall in oxygen tension causes the release 
of a relatively large volume of oxygen The rela- 
tion between oxygen content and oxygen ten- 
sion therefore is such as to favor a nearly max- 
imum uptake of oxygen m the lungs as long as 
the tension is above 60 mm Hg and an ade- 
quate release of the gas at the lower tensions 
which prevail m the tissues The slope of the 
curve would favor release at still lower tensions, 
but at some point the diffusion gradient would 
become insufficient to support the rapid 
transfer of oxygen into the cells 

The effects of increasing hydrogen ion con- 
centration and PCO 2 on oxygen dissociation 
(shifting the curve to the right) tend to favor 
the release of oxygen to the tissues since carbon 
dioxide and sometimes lactic acid are produced 
by tissue activity A slight increase in tempera- 
ture, such as may occur in working muscle, has 
a similar effect However, these shifts in the 
position of the curve are small and m working 
muscle are much less important than the 
great increase that occurs in the blood flow 
The influence of temperature is of some impor- 
tance in hyperthermia, and requires particular 
consideration when patients are subjected to 
hypothermia for surgical procedures Esti- 
mates of oxygen tension from oximeter readings 
taken during hypothermia would be higher than 
the true values if the effect of temperature 
were disregarded 

OXYGEN CONTENT-P02 CURVES 

When per cent saturation is plotted against 
oxygen tension, as in Fig 6 3, the importance 
of the hemoglobin concentration is not evident, 
the curve for blood from an anemic patient 
appears the same as that for normal blood The 
difference becomes apparent if oxygen content 
IS plotted against oxygen tension, as in Figure 
6 5 Such a curve for blood of any hemoglobin 
concentration can be obtained from the 
standard curve by calculating the volumes per 
cent of oxygen combined with hemoglobin (per 
cent saturation X oxygen capacity) at each of a 
senes of POg values and adding the small con- 
centration of dissolved oxygen present at that 
level It IS evident from Figure 6.5 that a 50^ 
decrease m hemoglobin, such as might occur in 
anemia, would halve the amount of oxygen de- 
hvered by 100 ml of blood if the working range 
were unaltered Partial compensation occurs by 
an increase in the coefficient of utilization, 
which in the diagram extends the working 
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Fig 6 5 Effects of anemia and of carbon monoxide on 
the oxygen dissociation curve of blood at pH 7 40 and 
37°C >4) Normal blood hemoglobin 15 gm/100 ml 
5) Anemia hemoglobin 7 5 gm/100 ml C) Carbon 
monoxide poisoning hemoglobin 15 gm/100 ml half- 
saturated with CO D) Curve representing oxygen in physi- 
cal solution Heavy lines indicate the working range in 
normal and anemic subjects 

range downward to a tension of 32 mm Hg, 
but the oxygen delivered by 100 ml of blood is 
still not as much as m the normal subject Not 
shown in Figure 6 5 is a small shift of the 
anemic curve to the right induced by an in- 
crease in 2,3-diphosphoglyceric acid in the red 
cells Additional compensation is achieved by a 
rise in the cardiac output, which increases the 
oxygen delivery by increasing the volume flow 
of blood through the tissues The circulatory 
adjustments are aided by a decrease in blood 
viscosity (a consequence of erythrocyte deple- 
tion), which reduces the peripheral resistance 

Effects of Carbon Monoxide Hemoglobin 
and carbon monoxide react reversibly to form 
carh oxyhemoglobin As with oxygen, the hemo- 
globin becomes saturated m the proportion of 
one molecule of gas to one atom of iron, and 
the physicochemical aspects of the two reac- 
tions are very similar except that the affinity of 
hemoglobin for carbon monoxide is about 200 
times its affinity for oxygen When both gases 
are present they compete for the hemoglobin 

The presence of 0 1% of carbon monoxide in 
the inspired air over a period of a few hours (or 
a higher concentration for a shorter time) is 
sufficient to convert 50% of the hemoglobin m 
the blood to carboxyhemoglobin, and at about 
this level the effect becomes lethal By contrast, 
an anemic patient whose blood hemoglobin is 
reduced to 50% of normal shows little evidence 


of anoxia under resting conditions The major 
reason for this difference is shown in Figure 
6 5 It will be seen that the position of the ox- 
ygen dissociation curve is shifted to the left by 
carbon monoxide, with the result that the 
ability to deliveiy oxygen to the tissues is 
greatly reduced In other words, as the per cent 
of carboxyhemoglobin increases, the remaining 
active hemoglobin holds more tightly to the 
oxygen with which it combines This is ex- 
plained as follows in the hemoglobin molecule 
there are four hemes, each containing one atom 
of iron, and when one or more of the hemes is 
combined with carbon monoxide an interaction 
takes place which increases the affinity of the 
remaining hemes for oxygen (Roughton, 1964) 

VARIATION OF BLOOD CO2 
CONTENT WITH PCO2 

Figure 6 6 shows the manner m which the 
CO 2 content of the blood vanes when the blood 
IS exposed to gas mixtures of varying CO 2 ten- 
sion In the physiological range, an increase m 
PcOg induces an almost proportional increase in 
CO 2 content, 1 e , the curve is nearly a straight 
line in this region A pH decrease, calculable 
from the Henderson-Hasselbalch equation, ac- 
companies a PCO 2 increase but is very small in 
this range The exact position of the CO 2 con- 
tent-PcOg curve depends upon the total buff- 
ering power of the blood Christiansen, Doug- 
las, and Haldane (1914) first noted that the 
curve IS higher for reduced blood than for oxy- 
genated blood In other words, reduced blood 
has more buffering power than oxygenated 
blood and can carry more carbon dioxide at a 
given PCO 2 This suggested that oxyhemoglobin 
may behave as a stronger acid than reduced 
hemoglobin Thus oxygenation would cause the 
hemoglobin to release hydrogen 10 ns, which 
would then be neutralized and would use up 
some of the buffer base (including some bicar- 
bonate), and accordingly the position of the CO 2 
content-Pc 02 curve would be shifted down- 
ward Titration curves for oxygenated and re- 
duced hemoglobin supported this interpreta- 
tion However, this mechanism is now known 
to be only a part of the explanation for the shift 
of the curve The other factor is the effect of 
oxygenation m diminishing the power of hemo- 
globin to combine directly with carbon dioxide 

Transport of CO^ cis Carbaminohemoglohin 
Carbon dioxide combines with hemoglobin, not 
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Fig 6 6 Carbon dioxide dissociation curves of fully 
reduced human blood (upper solid line) m presence of 
hydrogen and fully oxygenated human blood (lower solid 
line) in presence of air Volumes of COj along the ordi- 
nate CO2 tension along the abscissa Line AVB is the so- 
called physiological dissociation curve of CO^ i e as a 
result of the reduction of hemoglobin the relation of vol- 
umes of CO2 to COi tension is indicated at points along 
this line and not along the lower curve for oxygenated 
blood At A (arterial point) are indicated the volume and 
tension of CO2 m arterial blood Point B indicates the con- 
ditions in fully reduced blood Point V (venous point) rep- 
resents the degree of reduction of hemoglobin which nor- 
mally occurs in the body during the passage of the blood 
through the systemic capillaries The interrupted line 
below IS the CO2 dissociation curve for oxygenated dog s 
blood (Modified from Christiansen Douglas and Haldane 
1914 ) 

With the hemes as do O2 and CO, but rather 
with free ammo groups m the globm part of 
the molecule The reaction can be represented 
as follows 

Hb— NHa + CO2 ^Hb— NHCOO- -f 

This occurs at a very rapid rate, requiring no 
enzyme, and the CO 2 does not go through the 
stage of H2CO3 The carbamic acid is almost 
completely ionized, but the pH change is mini- 
mized by the buffering power of the hemo- 
globin (which increases as the hemoglobin is 
desaturated, and vice versa) 

Carbammo compounds of CO 2 with ammo 
acids are well known, and the technique of esti- 
matmg them was adapted to the measurement 
of carbajninohemoglobin by Ferguson and 


Roughton (1934) Hemoglobin solutions con- 
taining bicarbonate were equilibrated with suit- 
able tensions of CO 2 and then were mixed ver> 
rapidly with alkaline barium chloride The al- 
kali stabilized the carbammo compound, prob- 
ably by inducing its complete ionization, and 
also converted the dissolved CO 2 and bicar- 
bonate to carbonate which was then precipi- 
tated by the barium chloride The BaCOg pre- 
cipitate was removed by centrifuging The car- 
bammohemogiobm, which remained in solu- 
tion, could then be decomposed by acidification 
and the released CO 2 measured by the Van 
Slyke technique It was found that oxygenation 
of the hemoglobin greatly reduced the amount 
of carbamino-bound CO 2 Although an increase 
m PcOg would be expected to favor the forma- 
tion of carbammohemoglobin, a decrease m pH 
has an opposite effect (by converting Hb— NH2 
to Hb — NH3+, which does not react with CO 2), 
hence the dissociation curve of carbamino- 
hemoglobin is practically flat over the physio- 
logical range, and the variation in PCO2 be- 
tween arterial and venous levels has little effect 
on the carbammo reaction The chief factor in- 
fluencing the formation and breakdown of car- 
bammohemoglobin in the body is the variation 
in oxygenation It has been estimated that 20 to 
30/c of the carbon dioxide delivered to the al- 
veolar air under resting conditions is trans- 
ported as carbammohemoglobin, although only 
6 to 79o of the CO 2 content of the venous blood 
IS in this form (Davenport, 1958, Roughton, 
1964, Rossi-Bemardi and Roughton, 1967) 

Only traces of carbammo compounds are 
formed by the plasma proteins, and the concen- 
trations do not vary significantly between ar- 
terial and venous blood 

Transport of CO 2 as Bicarbonate Carbon 
dioxide produced in the tissues diffuses into the 
blood in the capillaries as free CO2 m solution 
In the blood, a large part of it is converted to 
carbonic acid* 

CO 2 + H20'^H2C03 (1) 

''Fhis reaction will take place m the absence of a 
catalyst, but the un catalyzed reaction is much 
too slow to account for the rapid exchanges 
which take place in the body The reaction rate 
IS accelerated enormously (in both directions) 
by an enzyme called carbonic anhydrase, which 
IS found inside the erythrocytes but not in the 
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blood plasma ® The formation and decomposi- 
tion of H2CO3 therefore occur primarily m the 
red ceils 

The equilibrium point of reaction (1) lies far 
to the left However, the hydration of CO 2 is 
followed by the rapid dissociation of carbonic 
acid 

CO2 + H2O ^ H2CO3 ^ H+ HCO3- 

It is obvious that, by the law of mass action, an 
increase m PCO2 and the removal of hydrogen 
10ns would tend to drive the two reactions to 
the right This is what happens as the blood is 
passing through the tissue capillaries CO 2 dif- 
fusing into the blood increases the PcOg, and 
hydrogen 10ns are removed by the buffers, es- 
pecially by hemoglobin since oxyhemoglobin is 
being converted to the reduced form, a weaker 
(less dissociated) acid The opposite changes 
occur as the blood passes through the alveolar 
capillaries the diffusion of CO 2 out of the 
blood reduces the PcOg, and the hemoglobin 
becomes oxygenated and releases hydrogen 
ions, with the result that the equilibrium is 
shifted to the left 

These interlocking reactions can be formu- 
lated as follows 

CO2 -h -t- HCO3- 

-f + 0^ 


® Carbonic anhydrase is a protein of comparatively 
low molecular weight (about 30,000) containing one 
atom of zinc per molecule It is present also in tissues 
such as gastric and intestinal mucosa, renal cortex, 
pancreas, brain, spleen, red muscle, liver, and sali- 
vary glands, and in the oviducts of hens where its 
function appears to be concerned in the deposition of 
calcium in the egg shell Its physiological significance 
in most of these situations is unknown The enzyme 
is inhibited by sulfanilamide, cyanide, heavy metals, 
sulfocyanate, and certain other 10ns Different sulfon- 
amide drugs differ in their inhibitory potency The 
ones most commonly used therapeutically are weak 
inhibitors, but some have been developed for this 
special purpose Among these is acetazolamide (Dia- 
mox), which is used as a diuretic m cardiac insuffi- 
ciency It acts on the kidney, decreasing the tubular 
reabsorption of bicarbonate and thus increasing the 
excretion of sodium and potassium as bicarbonates It 
also affects the brain (perhaps indirectly) , and is used 
as an anticonvulsant In experimental animals, large 
doses of Diamox initially induce a fall in CO 2 output, 
with recovery to the normal rate in about an hour 
The compensation is brought about by a 40 % increase 
in the PcOa of the venous blood and a doubling of the 
ventilation rate (Roughton, 1964) 


Here oxyhemoglobin is represented as an ion- 
ized acid and reduced hemoglobin as union- 
ized It must be recognized that neither is com- 
pletely ionized or unionized, this formulation 
merely symbolizes the fact that oxyhemoglobin 
is the stronger acid of the two When the equi- 
hbrium shifts, hydrogen 10ns released by one 
reaction can be taken up by the other The 
overall equilibrium (the sum of the two reac- 
tions above) therefore is 


C02-f H 2 O -h HbO^- 


tissues 

lun^ 


HCO3- -f HHb + O2 

This IS called the isohydric shift The reaction 
does not go to completion in either direction, 
but the equilibrium is shifted to the right by 
conditions in the tissues and to the left by con- 
ditions m the lungs Thus it can be said that 
CO 2 tends to drive out oxygen, and oxygen 
tends to drive out CO 2 The shift occurs with 
very little change in the plasma pH 

The negative 10ns, HbOg" on the left and 
HCOa” on the nght, are balanced by the pres- 
ence of positive ions (mostly K+) inside the red 
cells ® However, the cations take no active part 
in the reaction, and the common statement 
that they have been “captured” by oxyhemo- 
globin on the one hand or by bicarbonate on 
the other is likely to introduce confusion It 
would be more accurate to consider that hy- 
drogen ions are captured either by reduced 
hemoglobin or by the bicarbonate system 

The “heme-lmked” or “oxylabile” ionizing 
groups, 1 e , those that dissociate to release hy- 
drogen ions more readily m oxygenated than m 
reduced hemoglobin, are believed to be imidaz- 
ole groups of the amino acid histidine, a con- 
stituent of the globin part of the molecule 

An over-simplification must be recognized in 
the above formulation The hemoglobin mole- 
cule contains 4 hemes (sect 4, chap 4) and 
each heme appears to be associated with one 
lomzable hydrogen Therefore, fully oxygen- 
ated hemoglobin should be represented as H4- 
Hb4(02)4, and there are intermediate forms 
such as H4Hb4(02)3, etc However, the simpler 
formulation is qualitatively satisfactory if the 


®The cation content frequently is referred to as 
“base,” but in modern acid-base theory the term 
“base” is reserved for substances able to accept pro- 
tons (sect 4, chap 11) 
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s>mbol Hb is understood to represent one heme 
and not a hemoglobin molecule 

The Chloride -Bicarbonate Shift Chloride 
and bicarbonate ions pass freely through the 
red cell membrane, while cations traverse it 
only very slowly When the blood is in the 
tissue capillaries bicarbonate ions formed inside 
the red cells tend to diffuse out to the plasma 
Since they cannot be accompanied by cations 
the red cells are left with a positive electric 
charge which tends to draw anions into the 
cells Hence chloride ions, being the most 
abundant anions, migrate inward m exchange 
for bicarbonate The reverse movements occur 
when the blood is passing through the lungs 
and intracellular bicarbonate is being converted 
to CO 2 The intracellular- extracellular distribu- 
tion of ions is described by Donnan’s theory, 
which requires the following relations 

[HCOa'lceils Icells [^^Jplasma 

[HCOrlplaa^a [Cl 1 plasma [H"^] cel Is 

This “Donnan ratio” varies from about 0 72 in 
arterial blood to 0 75 in venous blood (Daven- 
port, 1958) It follows that 1) the greater por- 
tion of the bicarbonate is carried in the plasma, 
and 2) the pH inside the cells is lower than that 
of the plasma by about 0 12 to 0 14 pH units 
With the redistribution of ions occurring be- 
tween the arterial side and the venous side of 
the circulatory system there is an alteration of 
osmotic relationships such that some water en- 
ters the cells along with the chloride, and a 
slight swelling of the cells occurs 

The exchanges occurring as the blood passes 
through the lungs are summarized m Rough- 
ton’s diagram (Fig 6 7) 

Gas Tensions in the Tissues 

Oxygen Tension In the tissues, oxygen is 
being supplied by diffusion and consumed 
within the cells, hence diffusion gradients are 
present and a uniform P 02 cannot exist At any 
given point within a tissue the POg level repre- 
sents a dynamic balance between oxygen 
supply and utilization The rate of supply is in- 
fluenced by the following factors arterial P 02 
and oxygen capacity, blood flow, distance from 
a capillary, distance between capillaries, dis- 
tance along the capillary, radius of the capil- 
lary, and the rate of diffusion of oxygen in the 
tissue The rate of oxygen utilization normally 


depends upon the energy requirement of the 
tissue, it vanes with activity but is not limited 
by the availability of oxygen except when P 02 is 
reduced to a very low level 

Davies and Bronk (1957) used a microelec- 
trode for the polarographic measurement of P 02 
at the surface of the cerebral cortex in cats, and 
were able to demonstrate the existence of steep 
downward diffusion gradients as the electrode 
was moved away from an arteriole or a venule 
Others have used modifications of this tech- 
nique to record P 02 m various parts of the 
brain and in other tissues (Payne and Hill 
1966) 

The distribution of a gas m a tissue can be 
analyzed theoretically and its average tension 
estimated by calculation with the aid of a diffu- 
sion model originally suggested by Krogh It is 
assumed that the tissue is functionally divided 
into cylindrical segments, each supplied with a 
centrally situated capillary (Kety, 1957), 
Gleichmann et al (1962) applied this reasoning 
to estimate the mean oxygen tension in the cer- 
ebral cortex of the dog, and compared the re- 
sults with polarographic measurements of POg 
at the surface of the cortex The active surface 
of each electrode covered an area 2 to 4 mm m 
diameter, and large vessels were absent from 
the areas chosen The surface values agreed 
fairly well with those calculated for mean PO 2 
in the tissue, and usually came close to the 
venous blood POg The observed values were 25 
to 42 mm Hg in animals with ventilation rates 
approximately normal 

Other workers have reported lower PO 2 
values from the surface of the cortex and from 
electrodes thrust into various parts of the bram 
For example, Meyer and Gotoh (1961) reported 



Fig 6 7 Showing main processes occurring in the blood 
dunng the output of carbon dioxide and uptake of oxygen 
m the lung (After Roughton 1961) 
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surface values of 10 to 20 mm Hg m cats and 
monkeys Cater et al (1961) made an extensive 
exploration of the rat brain, finding values of 
33 to 60 mm Hg at the cortical surface, 20 to 
38 in gray matter of the cortex, 6 to 16 m white 
matter of the cortex, and 10 to 15 in hypotha- 
lamic nuclei In rat muscle the values were 14 
to 26, and m subcutaneous tissue there were 
wide variations from 8 to 62 Jamieson and 
Van den Brenk (1964) reported the following 
mean values for rat tissues cerebral cortex 34, 
liver 13, kidney 17, and spleen 17 mm Hg 

In the various tissues studied, rapid varia- 
tions in PO 2 occur in relation to metabolic, cir- 
culatory and respiratory changes induced by 
various means 

CO 2 Tension Diffusion gradients of PCO 2 
must be assumed to exist between the tissue 
cells and the blood in the capillaries With the 
aid of Krogh’s diffusion model, Gleichmann et 
al (1962) calculated the average PCO 2 in the 
cerebral cortex of the dog in each of a series of 
experiments A statistical analysis of the data 
indicated that the average tissue PcOj is only 
about 0 7 mm Hg higher than the mid-capil- 
lary blood Pco 2 (1 e , the average of arterial and 
cerebral venous values) CO 2 electrodes placed 
on the surface of the cortex gave values which 
in each experiment agreed closely with the esti- 
mated average tissue Pco 2 The values ranged 
from 31 to 58 mm Hg Meyer and Gotoh 


(1961) found that the PCO 2 of the cerebral 
cortex fluctuates rapidly in relation to meta- 
bo he, circulatory, and respiratory alterations 

Adjustments in Melaboifc 
Requirements 

Increased activity of any tissue entails an 
increase in oxygen consumption and CO 2 pro- 
duction On the other hand, an increase in the 
oxygen supply above that which is adequate 
does not increase the oxygen usage There are 
two ways in which an increased demand for 
oxygen may be met 1) by increasing the blood 
flow through the tissue, and 2) by raising the 
coefficient of oxygen utilization Both of these 
factors come into play, but the extent to which 
each operates is different for different tissues 
The coefficient of oxygen utilization is in- 
creased by establishing a steeper PO 2 gradient 
between the capillary blood and the tissue cells, 
this IS brought about by 1) a decrease in the 
intracellular P 02 as utilization increases, 2) a 
shortening of the distance through which ox- 
ygen must diffuse, 1 e , the opening up of more 
capillaries so that the radius of the cylinder of 
tissue supplied by each capillary is reduced, 
and 3) increased dissociation of oiQ^^hemoglobm 
due to increased production of acids (carbonic 
and lactic) and a rise m temperature (Otis, 
1963) 
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The lung is made up of tubes for airflow and 
alveoli for exchange of gases between air and 
blood At the end of a normal expiration, the 
airways and alveoli are filled with alveolar gas 
At the end of a normal inspiration, however, 
the airways are filled with moist room air and 
the balance of the inspired volume has been 
added to the volume of the alveolar spaces 
During the subsequent expiration, room air is 
washed out of the airways by alveolar air and 
the cycle begins again Therefore one expired 
breath (tidal volume) contains gas from two 
compartments, one filled with room air con- 
taining a negligible concentration of carbon 
dioxide, and the other filled with alveolar air 
with a partial pressure of carbon dioxide (PcOg) 
m equilibrium with arterial blood 

The volume of the airways of an adult man is 
about 150 ml At a tidal volume of 500 ml and 
a respiratory frequency of 12/min , the total 
ventilation is 6 0 liters/min of which the 
airway ventilation is 150 X 12 = 1 8 
liters/min and the alveolar ventilation is 350 
X 12 = 4 2 liters/min It is customary to refer 
to airway ventilation as “dead space” ventila- 
tion because it is not associated with exchange 
of gases with capillary blood The terms “ana- 
tomical” and “physiological” dead space venti- 
lation are used to distinguish simple airway 
ventilation from ventilation of airways together 
with alveolar spaces which do not participate in 
gas exchange A lung lacking its pulmonary 
artery, for example, would have only dead 
space ventilation despite its normal anatomical 
subdivision into airways and alveoli 

Anatomical dead space can be measured 
postmortem by making casts of the airways 
from mouth to terminal bronchioles and meas- 
uring their volume It can also be measured 
approximately by the technique described m 
Figure 6.8 (Fowler, 1952) This requires meas- 
uring volume of expired air and nitrogen con- 
centration in expired air simultaneously A sub- 
ject breathing room air (79% nitrogen) takes in 


a breath of 100% oxygen and then exhales 
slowly The nitrogen meter records O'^r nitrogen 
during the period of inspiration and during the 
first part of expiration as the dead space air is 
washed out The meter then samples a mixture 
of rising nitrogen concentration as dead space 
gas is mixed with alveolar gas Ideally, if the 
inspired oxygen is evenly distributed 
throughout the alveoli, the meter then records 
an unvarying nitrogen concentration The 
measurement of dead space is calculated to be 
the volume expired up to the time at which 
one-half the volume of the rising phase has 
been delivered Measurements so made in 
normal subjects indicate that anatomic dead 
space at the end of a maximal expiration is 
about one-half its value at the end of a com- 
plete inspiration This indicates the extent to 
which the airway volume is increased by elon- 
gation and widening as traction of airways by 
lung parenchyma increases with lung volume 
Total (“anatomical” plus “physiological”) 
dead space ventilation is readily measured pro- 
vided the carbon dioxide content of alveolar air 
IS known This can be measured by sampling 
alveolar gas as described in a previous chapter 
Since alveolar air is normally in equilibrium 
with arterial blood, the alveolar partial pressure 
can also be obtained from the arterial partial 
pressure Mixed expired air is a mixture of 
room air from the airways and nonperfused 
alveoli together with air from perfused alveoli 
Its carbon dioxide partial pressure is lower m 
proportion to the dilution of the alveolar frac- 
tion, m equilibrium with capillary blood, by the 
dead space fraction, containing virtually no 
carbon dioxide If, for example, the arterial 
PcOa is 40 mm Hg and the partial pressure of 
carbon dioxide in mixed expired air (PecoJ is 
30 mm Hg, it must be concluded that alveolar 
gas was diluted one part room air (dead space) 
in three parts alveolar air 
The equation for calculating the ratio dead 
space volume/tidal volume is 

VdA^t = (Paco ” PecoJ/Paco. 
where Vd — dead space volume, Vt — ^tidal vol- 
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Fig 6 8 Single breath nitrogen dilution method for /) 
measuring anatomic dead space and 2) detecting nonuni- 
form distribution of inspired air F = respiratory flow N = 
nitrogen concentration Horizontal axis is time Integration 
of F would give volume Expiration after breathing room 
air IS indicated to left of 1 Between 1 and 2 patient in- 
spired one breath of oxygen and at 2 expiration began 
See text for description of nitrogen curve and its use for 
measuring anatomical dead space Nonuniform distribution 
of inspired oxygen is shown by continued increase of ni- 
trogen concentration after rapidly rising phase The in- 
crease in concentration between expired volume of 750 
and 1250 is 1% in the normal subject and 9% in the pa- 
tient with emphysema indicating that mixing within the 
lung is less complete in the latter (From Comroe Jr and 
Fowler 1951 ) 


ume, Paco — ^ the partial pressure of carbon di- 
oxide in alveolar gas or arterial blood and PEco 
— ^ the partial pressure of carbon dioxide in 
mixed expired air In the instance cited, 

VdA^t = (40 - 30) /40 = 0 25 

If the minute ventilation were 6 liters/min and 
the respiratory frequency 12/min , the tidal 
volume would be 500 ml and the dead space 
volume 500 X 0 25 = 125 ml. Dead space ven- 
tilation would be 125 X 12 = 1500 ml /mm 
and the balance of 4 V 2 liters/min would be 
alveolar ventilation Vd/Vt does not exceed 
0 30 in normal subjects 

The design of the lung is such that dead 
space ventilation is obligatory, i e , the propor- 
tion of a tidal volume delivered to the alveoli is 
whatever exceeds the volume of the dead space 
Table 6 5 shows how alveolar ventilation is af- 
fected by tidal volume when total ventilation 
and dead space volume are kept constant It 
shows that dead space ventilation increases at 
the expense of alveolar ventilation as tidal 
volume approaches dead space volume It is 
clear from this table that any increase in dead 
space, such as physiological dead space or ana- 


tomical dead space in the form of breathing 
equipment, decreases alveolar ventilation un- 
less total ventilation is increased The patient 
with marginal ventilatory ability is therefore 
disadvantaged by any increase m dead space 
and may be assisted by decreasing his anatom- 
ical dead space Tracheostomy reduces the ana- 
tomical dead space about 50^r by eliminating 
ventilation of the mouth, larynx, and pharynx 
One of its favorable aspects is the increase m 
alveolar ventilation which results from reducing 
dead space 

Dead space ventilation is not altogether use- 
less Inspired air is warmed, saturated with 
water vapor at 37° C and filtered Panting, 
which IS primarily dead space ventilation, is an 
important temperature regulating mechanism 
in some animals The vital functions of ventila- 
tion, however, concern maintaining a suffi- 
ciently high partial pressure of oxygen m the 
alveoli and excreting carbon dioxide These are 
accomplished exclusively by alveolar ventila- 
tion 

The Alveolar-Arterial Partial Pressure 
Difference for Oxygen 

Alveolar air contains four gases (Oj, CO 2 , 
Ng, HgO) the sum of whose partial pressures 
equals the barometric pressure (see previous 
chapters) The partial pressures of two of these, 
Ng and HgO, is fixed, for the pressure of water 
vapor in saturated air at body temperature (37° 
C) is a constant (47 mm Hg) and the nitrogen 
inspired into the lung is neither taken into the 
blood stream nor is it added to from the blood 
stream The sum of the partial pressures of 
oxygen and carbon dioxide is therefore also a 
constant, approximately 150 mm Hg at sea 
level This means that the subject breathing 
room air can vary his alveolar PO 2 only by 
varying his alveolar PcOj 

Alveolar PcOj is directly proportional to the 
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Fre- 
quency 
per mm 

Vt 

ml 

Vd 

ml 

Ventilation (1 /mm ) 

Total 

Dead 

Space 

Alveolar 

10 

600 

150 

6 00 

150 

450 

15 

400 

150 

6 00 

2 25 

3 75 

20 

400 

150 

600 

300 

300 

30 

200 

150 

600 

4 50 

150 

40 

150 

150 

600 

6 00 

0 
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rate at which carbon dioxide is produced by the 
tissues and inversely proportional to alveolar 
ventilation 

Production Metabolic rate 

PAco s ^ 

Excretion Alveolar ventilation 

Clearly, therefore, at any naetabolic rate, al- 
veolar ventilation is the key to alveolar PO 2 
Insufficient alveolar ventilation causes hypoxia 
because carbon dioxide is produced more rap- 
idly than it is excreted, alveolar PcOg rises and 
alveolar PO 2 must consequently fall Con- 
versely, increasing alveolar ventilation at a time 
when the rate of CO 2 production is constant 
lowers alveolar PcOa resulting in an increase in 
alveolar PO 2 

Alveolar PO 2 (PaqJ can be varied also by 
changing the total barometric pressure when 
the oxygen concentration (F) is kept constant 
(normally 0 2093), by changing the concentra- 
tion in inspired air (Fio.) or by changes in both 
pressure and concentration For example, the 
Himalayan mountain climber can compensate 
for the fail in Paq, resulting from low baro- 
metric pressure by breathing mixtures in which 
oxygen concentration is increased at the ex- 
pense of nitrogen concentration 

These factors upon which Paq, depend are 
included in the alveolar air equation, one form 
of which is as follows 

Pao, = (BP - 47)Fio, - (Paco /R) 

-h [Fio^ Paco (1 - R)/R] 

For the derivation of this and other equations 
used m respiratory physiology, the interested 
student is referred to Rahn and Fenn (1955) or 
Comroe (1965) The critical terms in the equa- 
tion are the barometric pressure (BP), the con- 
centration of oxygen in inspired air (FIq) and 
the partial pressure of carbon dioxide in al- 
veolar gas (PAco,) or arterial blood The final 
term 

[Fiq^ PAco (1 “■ R)/R] 

is numerically small and is 0 when the gas ex- 
change ratio or respiratory quotient (R) is 1 It 
should be clear from substituting normal values 
for Pa^,o (40 mm Hg) and R (0 8) that Pao, 
can be increased to about 660 mm Hg at sea 
level (760 mm Hg) by breathing 100% oxygen 
and to more than one atmosphere by placing 
the subject in a pressure chamber where the 
barometric pressure can be raised to two or 


three atmospheres (hyperbaric oxygen chamber). 
Paoj can be raised relatively little by in- 
creasing alveolar ventilation, for normal Paco, 
is only 40 mm Hg and Paco, is rarely lowered 
to less than 20 mm Hg during hyperventi- 
lation On the other hand, CO 2 retention from 
alveolar hypoventilation can be sufficiently se- 
vere to double normal Paco thereby reducing 
Paq substantially Under normal circumstances, 
however, the regulation of respiration is such 
that increases m CO 2 production are attended 
by commensurate increases m alveolar ventila- 
tion, and a normal Pac,o and normal PAq are 
maintained 

Ai¥®oaar P 02 

The partial pressure of oxygen in alveolar gas 
(PAq,) calculated from the alveolar equation is a 
mean value representative of all the alveoli 
This value is invariably higher than the partial 
pressure of oxygen in arterial blood (Pao) by 
about 13 mm Hg in normal individuals and by 
considerably greater amounts m certain abnor- 
malities The reasons for this difference in oxy- 
gen tensions are as follows (Fig 6 9) 

ANATOMICAL SHUNTS 

Some blood passes from the venous to the 
arterial circulation without being exposed to 
the Pao calculated by the alveolar equation 
(Fig 6 9) Some of this blood bypasses the lung 
entirely, the best known examples being blood 
from the coronary circulation draining directly 
into the left heart through the Thebesian veins, 



Fig a 9 Idealized schema of lung Upper half repre- 
sents ventilation lower half perfusion See text for meaning 
of symbols and concepts Pccoa Pco, and Scq^ are partial 
pressures of carbon dioxide and oxygen at the end of the 
pulmonary capillary and saturation of blood at the end of 
the capillary respectively 
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and venous blood in the bronchial veins 
draining into the pulmonary circulation distal 
to the capillary bed It is estimated that less 
than of the cardiac output follows these 
anatomic shunts Clearly, they result m low- 
ering the PO2 of arterial blood below the PO2 of 
pulmonary capillary blood in equilibrium with 
alveolar gas 

It is instructive to calculate the magnitude of 
this effect under specified conditions Assum- 
ing, for example, that PAq equals 100 mm Hg, 
the oxyhemoglobin dissociation curve indicates 
that pulmonary capillary blood m equilibrium 
with this gas has an oxyhemoglobin saturation 
of 97% If the capillary-venous difference in 
saturation is 25%, a common value, the venous 
saturation will be 72% If venous shunts ac- 
count for 6% of the cardiac output, leaving 94% 
to pass through the pulmonary capillaries, the 
resultant mixture will have a saturation of (0 06 
X 72) H- (0 94 X 97) = 4 32 -f 91 18 = 
95 50% The partial pressure of oxygen at this 
saturation is 87 mm Hg, 13 mm Hg lower 
than m pulmonary capiUary blood There is 
normally, therefore, a difference between pul- 
monary capillary PO2 (PCq ) and arterial POg 
(Pao ) related to the magnitude of the venous 
admixture from anatomic shunts 

PHYSIOLOGICAL SHUNTS 

The lung has several million alveoli Because 
of normal regional differences m compliances 
and airway resistances, variations in ventilation 
inevitably result, producing localized differ- 
ences in Pa CO and consequently in Paq, The 
ultimate example of physiological shunting is 
circulation through the capillaries of nonventi- 
lated alveoli, the venous admixture effect of 
such blood comparing to that of blood coursing 
through anatomical shunts 

One of the interesting effects of regional dif- 
ferences in ventilation and Paq^ is that Pao^ is 
lowered even if hypoventilation of some alveoli 
is matched by hyperventilation of others This 
effect results from the nonhnearity of oxyhemo- 
globin dissociation Consider, for example, ar- 
bitrarily dividing the pulmonary blood flow 
into three equal streams coursing through capil- 
laries in equilibrium with alveolar oxygen par- 
tial pressures of 60, 80, and 100 mm Hg One 
might assume that the mixed blood collected 
from these would have a PO2 of 80 mm Hg, 
1 e„ (0 333 X 60) + (0 333 X 80) + (0 333 X 
100) — 80 The correct Po 2, however, would be 
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found by calculating the POg at the saturation 
of the mixed blood This calculation is per- 
formed as follows The dissociation curve indi- 
cates that saturations at POg of 60, 80, and 100 
mm Hg are 89%, 94%, and 97^% respectively 
The saturation of the mixture, therefore, would 
be (0 333 x 89) -k (0 333 x 94) -f (0 333 x 
97) = 29 6 4- 31 3 -f 32 3 = 93 2% The Po^ 
at a saturation of 93 2^r is 75 mm Hg, rather 
than 80 mm Hg It is clear, therefore, that a 
lung characterized by large variations m PAq 
inevitably delivers a blood mixture which is 
hypoxic relative to mean Paq 

The concept of anatomical and physiological 
venous admixture is analogous to the concept of 
anatomical and physiological dead space (Fig 
6 9) The difference PCo — Pao is a measure 
of venous admixture just as the difference PAco 
— PEco is a measure of the admixture of dead 
space ventilation to alveolar ventilation (Riley 
and Cournand, 1949 and 1951, Riley et al , 
1951) The fraction of the cardiac output which 
IS venous admixture (Qva/Qt) is proportional to 
the venous admixture effect on the saturation 
of capiUary blood (SCq — Sao ) divided by the 
total saturation difference between venous and 
capillary blood (SCo, — Svq,) 

Qva/Qt = (SCq - Sao)/(Sco - S% ) 

In Figure 6 9, for example, Qva/Qt = 97 — 
95 5/97 - 72 - 1 5/25 = 0 06 This equation 
can be apphed to any situation m which one 
wishes to measure relative flows of blood 
through two branches of a confluent system It 
finds application clinically in calculating flows 
through the anatomical defects of children with 
congenital heart disease 

Alveoli can be classified by their ventilation- 
perhision ratios, those with a high value con- 
tributing to the physiologic dead space and 
those with a low value contributing to the ve- 
nous admixture-like effect of physiological 
shunts Inasmuch as normal alveolar ventilation 
IS about 4 liters/mm and cardiac output about 
5 hters/min , a normal ventilation -perfusion 
ratio for the entire lung is approximately 0 8 
Measuring dead space ventilation and meas- 
uring venous admixture is one means of de- 
tecting ventilation-perfusion abnormalities 
There are other means Nonuniform distribu- 
tion of inspired air, for example, shows up on 
the nitrogen meter record of Figure 6 8 as a 
progressive increase in nitrogen concentration 
with time as the parts of the lung which are 
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most poorly ventilated empty Another popular 
method is to measure the concentration of ni- 
trogen m alveolar air after the patient has 
breathed nitrogen-free oxygen for a specified 
period Normal individuals have less than 2 5^ 
nitrogen in alveolar air after breathing oxygen 
for 7 mm Abnormal lungs with localized areas 
of hypoventilation, however, do not “wash out” 
nitrogen with this rapidity and consequently 
have elevated alveolar concentrations at the 
end of this time 

Low ventilation-perfusion ratios with in- 
creased venous admixture is the commonest 
cause of h}q)oxia m respiratory illness Bronchi- 
ectasis, pneumonia, cystic fibrosis, emphysema 
are some of the conditions in which this mecha- 
nism plays a fundamental role 

Resistance to Diffusion of Oxygen 
from Alveolus to Capillary 

The mechanism whereby oxygen passes from 
alveolus to pulmonary capillary was at one time 
a central issue preoccupying prominent depart- 
ments of physiology at England’s leading uni- 
versities and prompting imaginative transconti- 
nental expeditions to mountamtop laboratories 
(Henderson, 1938) J S Haldane at Oxford 
University contended that oxygen is secreted 
into the capillaries against a partial pressure 
gradient, whereas J Barcroft at Cambridge 
maintained that this transfer is entirely pas- 
sive, following the laws of diffusion The issue 
has been resolved conclusively in favor of the 
latter, partly because methods for measuring 
gas pressures in blood improved It is now clear 
that venous blood is oxygenated because its PO 2 
(about 40 mm Hg at rest) is lower than al- 
veolar PO 2 , that the rate at which oxygen dif- 
fuses is a function of the partial pressure differ- 
ence between alveolus and capillary, and that, 
under normal circumstances, virtually complete 
equilibrium is reached between alveolar and 
pulmonary capillary PO 2 (Fig 6 9) When resist- 
ance to diffusion IS abnormally high, however, 
or when transit time through the pulmonary 
circuit is shortened, a measurable alveolar-cap- 
illary partial pressure difference may remain 
Under these circumstances, the total alveolar- 
arterial partial pressure difference is the sum of 
a diffusion gradient between alveolus and capil- 
lary plus the capillary to arterial difference at- 
fributable to anatomical and physiological ve- 
nous admixture 


Separating the diffusion from the venous 
admixture component of the total aiveolar-ar- 
terial Po 2 difference is necessary for purposes of 
measuring the pulmonary diffusing capacity for 
oxygen Before passing to this topic, however, it 
should be clear that one of the causes of re- 
duced PO 2 m arterial blood pathologically is 
incomplete equilibration of capillary blood with 
alveolar gas due to abnormal resistance to dif- 
fusion across the alveolar-capillary interface 
Interstitial fibrosis is the classic clinical condi- 
tion producing hypoxia from this cause In- 
creasing alveolar Po 2 by raising Fi^ is the log- 
ical way of relieving severe hypoxia from this 
cause 

The Pyimonery Daffysmg Capacity 
for Oxygen 

The pulmonary diffusing capacity for oxygen 
(Do 2 ) is the ratio of oxygen transfer in millili- 
ters of oxygen per minute (Vo 2 ) from alveolar 
gas to capillary blood divided by the pressure 
(mm Hg) required for this transfer 

Dq ~ Vq /(Paqo ~ PCq ) 

where Pao and PCo. are partial pressures of 
oxygen in alveolar gas and pulmonary capillary, 
respectively (Forster, 1957) Inasmuch as the 
PCo, continuously changes as blood flows 
through the capillaries, a mean value (PCoJ 
must be obtained as described in a subsequent 
paragraph 

A normal Do 2 at rest is approximately 15 to 
20 ml of oxygen/min /mm Hg POg difference 
between alveolar and mean capillary oxygen 
tension The diffusing capacity reflects resist- 
ance to diffusion per unit area as well as total 
surface area for diffusion It is therefore re- 
duced when the alveolar-capillary interface is 
thickened or where surface area for diffusion is 
attenuated It rises during exercise by as much 
as three or four times, presumably because the 
dimensions of the diffusing surface enlarge as 
additional capillaries open around each alveolus 
or as existing capillaries enlarge It increases 
from infancy to maturity and falls with age, 
probably reflecting changes m surface area for 
diffusion 

Measunng Do 2 requires knowing Vo 2 , or 
metabolic rate, Pao which can be^calculated 
from the alveolar equation, and PCo, whidi 
cannot be measured directly but which can be 
estimated from artenal PO 2 as follows* It was 
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mdicated above that the total alveolar-arterial 
P 02 difference is divisible into a diffusion and a 
venous adnnxture component The key to 
measuring PCq is to create circumstances 
under which the venous admixture component 
vanishes or becomes negligible, for under this 
circumstance arterial PO 2 (Pao ) approaches 
Pco, This can be done by producing hypoxia 
sufficient to displace Pao to the steep part of 
the dissociation curve, 1 e , the part for which 
substantial changes in saturation due to venous 
admixture result in relatively small changes in 
Pao To illustrate, it was shown above that the 
capillary -arterial PO 2 difference is 13 mm Hg if 
of the cardiac output bypasses the lungs 
when PAo and PCo are 100 mm Hg, and when 
the arterial venous saturation difference is 25^o 
If this calculation is repeated at a saturation of 
(PO 2 = 40 mm Hg), the saturation of 
venous blood will be 50*^r (PO 2 = 26 5 mm Hg), 
and the saturation of mixed arterial blood will 
be (0 06 X 50) -f (0 94 X 75) = 3 00 + 70 50 
= 73 5/0 The PO 2 at this saturation is 39 5 
mm Hg, a difference of only 0 5 mm Hg from 
the pulmonary capillary PO 2 (40 mm Hg) By 
making the same calculation at a low POg, 
therefore, the venous admixture effect of 13 
mm Hg was reduced to 0 5 mm Hg The 
reason for this striking difference is the charac- 
teristic of oxyhemoglobin saturation whereby a 
given change in saturation at high levels of sat- 
uration has a much greater effect on PO 2 than 
at low saturations 

Measuring Do 2 requires not only eliminating 
the effect of venous admixture on the alveolar- 
arterial PO 2 difference but creating a measur- 
able difference between Paq, and PCo This 
can be accomplished by breathing low concen- 
trations of oxygen and by exercise (Lillienthal 
et al , 1946) A low PAq reduces the PO 2 gra- 
dient between alveolus and venous blood en- 
tering the capillary, the rate of diffusion is 
therefore slowed, the amount of oxygen taken 
up at any point along the capillary is less, and 
complete equilibration with alveolar gas is not 
achieved Exercise increases cardiac output and 
pulmonary blood flow, thereby reducing time 
for equilibration of Pco, with PAq Both exer- 
cise and hypoxia, therefore, foster an end-cap- 
illary PAq, — Pcog sufficiently large to be meas- 
ured reliably 

In summary, by measuring the alveolar-ar- 
terial P 02 difference at a high level of oxygena- 


tion to identify venous admixture, and at a low 
level of oxygenation during exercise, it is pos- 
sible to create measurable differences between 
PAo and Pao attributable to a difference be- 
tween PAq and PCq 

BOHR INTEGRATiOfSI 

The final step m calculating diffusing ca- 
pacity IS to derive a mean PCo (PCo ) This can 
be done if one knows the POg at the arterial 
and venous ends of the pulmonary capillary as 
well as at all intermediate points The former 
are measurable directly, the latter can be calcu- 
lated from the oxyhemoglobin dissociation 
curve by Bohr integration (Fig 6 10) The fun- 
damental premise is that distance or time (T) 
along the pulmonary capillary is proportional to 
the reciprocal of the tension difference between 
alveolar gas and capillary blood 

[T- 1/(PAo - PCo)] 

This is true because the rate of diffusion, 1 e , 
the time (T) required for a given change m sat- 
uration (ASO 2 ) at a given point along a capil- 
lary, IS proportional to the partial pressure dif- 
ference between alveolus and blood at that 
point Thus, 

ASo^/TsCPao -Pco) 

The data of Figure 6 10 were calculated as- 



I 

PA02 -PC02 


745 
67 K 
57 ^ 
465 
35 


Fig 6 10 Change in Pq and oxyhemoglobin satura- 
tion during passage of blood through pulmonary capillary 
Data calculated by Bohr integration assuming conditions 
postulated in text Time or distance along capillary is a 
function of the sum of 1 /Pao - Pco> as explained in text 
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suming the subject was breathing lA^c oxygen, 
had an alveolar POg of 50, an arterial saturation 
of (PO 2 = 40 5) and an arterial-venous 
saturation difference of 40*^0, 1 e , mixed venous 
blood saturation of 35*^0 and POg of 20 mm Hg 
The end-gradient was 9 5 mm Hg and the 
mean gradient calculated by Bohr integration 
29 mm Hg Assuming an oxygen consumption 
of 1740 ml /min , the diffusing capacity would 
be 

1750 ml /min /29 mm Hg 

= 60 ml /min /mm Hg, 

a normal value during severe exercise 

Although the circumstances of exertion and 
hypoxia required for this measurement are so 
Spartan as to limit its applicability, this 
method nevertheless remains the only direct 
approach to measuring the pulmonary diffusing 
capacity for oxygen Its ingenuity is obvious 
from the foregoing The premise that hypoxia 
itself does not affect what is measured may not 
be justified 

Carbon Wlonoxide Diffusing 
Capacities 

The use of carbon monoxide for measuring 
Do 2 is less trying on both subject and laboratory 
personnel None of the methods require hy- 
poxia or exercise and some methods do not 
require analysis of blood samples 

CO has a remarkable affinity for hemoglobin, 
its affinity bemg 210 times that of oxygen 
(Krogh, M , 1914) The Pco of plasma is there- 
fore extremely low at a given concentration of 
HbCO Accordingly, plasma Pco can usually be 
assumed to be zero and the alveolar-arterial 
partial pressure difference becomes simply the 
alveolar Pco Analyzing blood and performing 
the equivalent of the tedious Bohr integration 
are therefore unnecessary 

Deo can be converted to Do 2 by multiplying 
by 1 23 This figure indicates that oxygen is 
slightly more diffusible than CO This is be- 
cause diffusibility is directly proportional to 
solubility and inversely proportional to the 
square root of the molecular weight Thus, 



Diffusing capacity measured by whatever 


technique is subject to continuing scrutiny m 
efforts to define more precisely the significance 
of its measurement The complexity of the 
problem is apparent if one recalls that the lung 
IS not one alveolus, one capillary, one dead 
space and one venous admixture as idealized m 
Figure 6 9, but millions of alveolar-capillary 
relationships covering a spectrum of ventilation 
perfusion-relationships Generally speaking, 
this spectrum is broader in disease than health 
(Bates and Christie, 1964), further complicating 
the interpretation of measurements designed to 
clarify the status of the lung 

The concept of an alveolar-capillary “Mem- 
brane” is itself deceptive Oxygen and CO 2 dif- 
fuse through a number of layers in passing from 
air to hemoglobin or vice versa, including al- 
veolar fluid, alveolar epithelium, tissue space 
between epithelium and capillary, capillary 
endothelium, plasma, red cell membrane and 
cytoplasm (De Reuck et al , 1962) There is 
evidence to suggest that the rate at which Oj 
and CO combine with hemoglobin may limit 
Do 2 and Deo and that one therefore does not 
measure “membrane” properties so much as 
reaction rates One can conceive of 0 2 transfer 
from alveolar air to red blood cell as diffusion 
across a senes of resistances, for Do 2 has the 
dimensions of flow /pressure and 1/Do 2 , there- 
fore, the dimensions of pressure/flow or resist- 
ance Roughton and Forster have subdivided 
total resistance into two resistances, one attrib- 
uted to intracapillary processes (reaction rates 
with hemoglobin, diffusion in plasma and into 
red cell) and the other attributed to diffusion 
across the barriers separating air from plasma 
Thus, 

1/Dl = (1/Dm) + (l/0Vc) 

where Dl is diffusing capacity of the lung, Dm 
IS diffusion across “membranes,” Vc is the cap- 
illary blood volume and 0 is the amount of 
oxygen taken up per unit time per milliliter 
blood of known hemoglobin concentration per 
milliliter Hg PO 2 Experimental data suggest 
that the intracapillary component (1/0 Vc) 
makes up a third or more of the total resist- 
ance One of the interesting applications of this 
formulation is its use for measuring pulmonary 
capillary blood volume (Vc), Normal values are 
on the order of 60 to 110 ml 

Limitations and complexities not withstand- 
ing, however, it is clear that what diffusing 
capacity measures 1) is reduced where his- 
tology of the lung suggests that the resistance to 
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diffusion IS increased by thickening or change 
m the characteristics of the layers separating 
alveolar gas from pulmonary capillary blood, 
and 2 } varies directly with changes m size of 
the pulmonary-capillary surface area for diffu- 
sion 

Diffusion of CO2 

CO 2 IS much more soluble in water than ox- 
ygen and its molecular weight is only slightly 
peater A comparison of its diffusibility with 
that of oxygen is as follows 



Because of this greater diffusibility, end-capil- 
lary alveolar PcOj gradients are generally 
thought not to occur 

The dissociation curve for CO2 is also very 
different from the oxyhemoglobin curve 
Whereas the latter is nonlinear, the CO2 curve 
is relatively linear within physiological ranges 
of PCO2 and CO 2 content It was explained 
above that it is because of the nonlinearity of 
oxyhemoglobin dissociation that local differ- 
ences in PAqj result m an alveolar-arterial POj 
difference Because CO 2 dissociation is more 
nearly linear, an alveolar-arterial PcOj differ- 
ence from this cause is not likely to occur 
Thus, neither a diffusion gradient nor a venous 
admixture effect influence alveolar-arterial par- 
tial pressure relationships The validity of using 


arterial PcOj to measure alveolar PcOj rests on 
this statement 

Hypoxia 

This chapter includes discussion of four dif- 
ferent causes of low arterial POj for a subject 
breathing room air at sea level 1 ) alveolar hy- 
poventilation, 2 } increased anatomic shunts, 
e g , right-to-left shunts in congenital heart dis- 
ease, 3 ) ventilation-perfusion abnormahties in- 
creasing venous admixture, 4 ) increased resist- 
ance to diffusion The foEowing characteristics 
are helpful in distinguishing among these phys- 
lologicaEy when they are present m pure form 
Alveolar hypoventilation is invariably asso- 
ciated with elevated arterial and alveolar PcOj, 
the other causes are not Anatomic shunting is 
the only cause m which Paq remains relatively 
low when the patient breathes air with a high 
PO2 The patient with hypoxia from a diffusion 
gradient commonly has a low alveolar PcOj, re- 
flecting his attempt to raise alveolar P02 by 
increasing alveolar ventilation His arterial PO2 
drops precipitously with exercise because the 
increased requirements for oxygen diffusion 
can be met only by steepening the POj gradient 
across the alveolar-capiEary walls Moreover, 
his alveolar-arterial PO2 difference remains 
high when he breathes an oxygen poor mixture 
This procedure, however, lowers the alveolar- 
arterial PO2 difference when venous admixture 
IS the primary cause of hypoxia 



3 / THE MECHANICS OF BREATHING 


The mechanics of breathing have captured 
the interest of workers in both the basic sci- 
ences and clinic, important contributions 
having been made by both groups individually 
or working together Fundamental concepts 
appeared m the German literature in the pe- 
riod 1915 to 1929, (Rohrer et al , 1925, Neer- 
gaard and Wirz, 1927) Technical advances in 
simultaneously recording volumes, flows, and 
small pressures with high fidelity have spurred 
rapid progress m this country and abroad, re- 
sulting in such feats as measuring the forces 
required for inflating the lung during the first 
breath of a newly born infant Most promi- 
nently associated with this activity in this 
country have been groups originally associated 
With the Departments of Physiology at the Uni- 
versity of Rochester, at the School of Public 
Health of Harvard University, and at the Grad- 
uate School of the University of Pennsylvania 
Excellent reviews are included m four texts 
dealing with the respiratory system listed in the 
bibliography (Avery, 1964, Bates and Christie, 
1964, Cherniak and Cherniak, 1962, Comroe 
and Mortimer, 1964) 

AHusdes of Respiration 

Supplying oxygen to the alveoli and re- 
moving carbon dioxide from the alveoli is ac- 
complished by the flow of air m and out of the 
lungs with each breath This is a mechanical 
process for which the muscles of respiration 
provide the force 

DIAPHRAGM 

Quiet breathing results from alternate con- 
traction and relaxation of the diaphragm and 
intercostal muscles The former is attached cir- 
cumferentially to fixed structures, vertebrae 
and sternum, and to relatively mobile struc- 
tures, the lower ribs It is normally dome-shaped 
(Fig 6 11), its fibers run nearly vertically up- 
ward near its periphery and horizontally at its 
tendinous central portion Contraction during 
inspiration produces increased tension within 


the diaphragm itself and on its attachments Its 
central tendon is therefore pulled down, in- 
creasing the vertical dimensions of the thorax, 
while the lower ribs are moved somewhat up- 
ward, increasing the lateral and anteroposterior 
dimensions of the lower chest 
The effectiveness of the diaphragm for 
changing the dimensions of the chest is related 
to the strength of its contraction and to its con- 
tour when relaxed Strength of contraction, as 
m any muscle, is a fiinction of the number of 
motor units activated and of the synchroniza- 
tion and frequency of their discharge Interrup- 
tion of both phrenic nerves immobilizes the 
diaphragm without changing its configuration 
Increasing the circumference of the lower chest 
pathologically, as in obstructive pulmonary dis- 
ease, flattens the diaphragm, consequently 
immobilizing it to varying degrees irrespective 
of how forcefully it contracts 
Descent of the diaphragm can be accom- 
plished only by displacement of abdominal con- 
tents This is made possible by relaxation of the 
muscles of the abdomen during inspiration 
Although abdominal pressure does not normally 
interfere with the diaphragm’s mobility, ad- 
vanced pregnancy, extreme obesity, excessive 
flatulence, tight abdominal garments, and 
other circumstances can 
The diaphragm probably contributes more to 
inspiration than do the mtercostals This state- 
ment rests on estimates of vertical displace- 
ment (about 1 5 cm ) and area (about 350 cm ^) 
of the diaphragm during quiet breathing Since 
the volume of a single, quiet inspiration (tidal 
volume) is 500 to 700 ml , these estimates sug- 
gest that normal breathing is predominantly 
diaphragmatic The relative proportions be- 
tween diaphragmatic and mtercostal contribu- 
tion probably vary among different mdividuals 
and with different age groups The ribs of in- 
fants, for example, are normally virtually hon- 
zontal Inspiration must therefore result almost 
exclusively from increase in the vertical dimen- 
sions of the chest by contraction of the dia- 
phragm 
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Fig 6 11 Roentgenograms of the chest taken in the antero-posterior projection Film on the left was taken after 
complete inspiration when lungs contain the total lung capacity Film on the right was taken after forced expiration 
when lungs contain the residual volume Note that the change in vertical dimensions of the chest is considerably greater 
than the change m transverse diameter 


INTERCOSTAL MUSCLES 

The action of the diaphragm is straightfor- 
ward and clearly inspiratory The action of the 
muscles running between the ribs, however, is 
somewhat more complicated The external in- 
tercostals run forward and downward whereas 
the internal intercostals run backward and 
downward, i e , approximately at right angles 
to the external Both groups originate and in- 
sert on adjacent ribs and can be expected to 
bring these ribs closer together when con- 
tracting Whether a given rib moves upward, 
downward, or remains stationary, depends on 
the relative stability or fixation of adjacent ribs 

Inspiration is associated with electromy- 
ographic evidence of intercostal activity (Bronk 
and Ferguson, 1935) The cephalad motion of 
the ribs indicates that the upper ribs are fixed 
relative to the lower When contraction of the 
abdominal muscles fixes the lower ribs during 
cough or forced expiration, the rib cage moves 
down, and electromyography again shows inter- 
costal activity The intercostals contract during 
quiet inspiration, forced inspiration, and forced 
expiration, but not during quiet expiration 
(Campbell, 1958) Whether the internal and 


external groups have distinct functions m man 
IS not clearly established 

Adequate breathing continues m the absence 
of either the diaphragm or the intercostals In 
the absence of both, however, exogenous 
sources of power are usually needed for main- 
taining sufficient ventilation for life Inasmuch 
as the intercostals and diaphragm are inner- 
vated from separate segments of the spinal cord 
(C3 and 4 for the phrenic nerves as compared 
to thoracic segments for intercostal nerves), 
paralysis of one is not necessarily associated 
with paralysis of the other 

MOTION OF THE RIBS 

The ribs are more or less semicircular bones 
articulating with the vertebrae at one end and 
with the sternum or costal cartilages at the 
other Rib motion, therefore, includes rotation 
around an axis joining these two points of at- 
tachment (‘‘bucket-handle motion’’) (Fig 6 12) 
In addition, the motion of the ribs includes ele- 
vation and depression of the sternal end Be- 
cause this sternal end is lower than the verte- 
bral end, elevating the shaft of the rib causes 
the sternum to protrude, increasing the antero- 
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Fig 6 12 Motion of upper and lower ribs Solid out- 
lines indicate position during inspiration {From Cherniak 
and Cherniak 1961) 

posterior diameter of the chest Depression of 
the shaft of the nb correspondingly causes the 
opposite Inspiration, therefore, is associated 
with an increase in the vertical diameter of the 
chest due to contraction of the diaphragm, with 
an increase in transverse diameter due to the 
“bucket-handle” action of the ribs, and with an 
increase m anteroposterior diameter due to the 
effect of rib motion on the sternum 
The motion of the ribs is not equivalent 
throughout the rib cage (Fig 6 12) The upper 
ribs are arcs of smaller circles and are more 
nearly horizontal than the lower ribs More- 
over, the lower ribs on inspiration are affected 
by displacement of aU superior ribs, their mo- 
tion is, therefore, the sum of the narrowing of 
many interspaces rather than only the adjacent 
one Because of these differences, the changes 
in lateral diameter of the chest are greater m 
the lower than in the upper thorax (Fig 6 11) 

As m the instance of the diaphragm, the con- 
tribution of costal motion to breathing depends 
on the force of intercostal contraction and on 
the position of the ribs prior to intercostal con- 
traction. Accordingly, abnormal flaring or ele- 


vation of ribs and sternum interfere with the 
costal contribution to inspiration 

ACCESSORY MUSCLES 

Electromyographic evidence from man and 
action potential recordings from the phrenic 
and intercostal nerves of animals (Adrian and 
Bronk, 1929) indicate that 1 ) quiet inspiration 
results from contraction of diaphragm and in- 
tercostals, and 2) quiet expiration occurs m the 
absence of any musculaL .-.C£iDjxa ^ w hat- 
soever The accessory muscles are normally 
brought into play only for forced inspiration 
and expiration Many such muscles could be 
listed The distance runner struggling for air, 
for example, may use even the platysma for 
expanding his chest and the patient in parox- 
ysms of cough probably contracts every muscle 
of trunk, thorax, and pectoral girdle during 
forced expiration The principle accessory mus- 
cles, however, are the ^anteri^ neck muscles 
(sternocleidom astoids and scalcn es), 
used durin^orced i nspiration tD ,.staJbilize and 
raise the first rijs and ^peiLsteinum, and the 
abdominaTmuscles, which are essential for 
forced expiration The latter, together with the 
diaphragm, are used also for raising intra-ab- 
dominal pressure during de fecation, urination , 
vomiting, parturition, cough, a nd the Valsalva 
maneuver The^^paHenF'vnth paralysis of ab- 
dominal muscles is therefore at a considerable 
disadvantage 

Lung Volumes 

The lungs and chest return passively to their 
original volume after inspiration This end-ex- 
piratory volume IS known as the fonctionalrei 
s idual capaci ty It is the volume which reflects 
the equilibrium position of the chest and lungs 
when undisturbed by muscle contraction I^ 
a lso the volume mto which each tidal volume is 
diluted during inspiration 

By adding the inspiratory capacity to this 
volume during a maximal inspiratory effort, the 
lung volume is increased by about 2 V 2 and con- 
tains the total lung capacity On the other 
hand, dehvering the expiratory reserve volume 
by forced expiration reduces the end-expiratory 
volume by about one-half to the residual 
volume The vital capacity is the volume which 
can be expired after a maximal inspiration by 
forceful expiration, i e , it is the sum of the in- 
spiratory capacity and the expiratory reserve 
These relationships are shown in Fig 6 13 
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fig 6 13 The subdivisions of the total lung capacity 
TLC = total lung capacity VC - vital capacity RV = re- 
sidual volume IC = inspiratory capacity FRC = func- 
tional residual capacity IRV = inspiratory reserve volume 
TV - tidal volume ERV = expiratory reserve volume 
{From Comroe et al 1962) 

The vital capacity and its subdivisions can be 
measured by collecting and measuring, in a spi- 
rometer, the volume of gas which flows into or 
out of the lungs during normal or forced inspi- 
ration and expiration However, the residual 
volume, functional residual capacity, and total 
lung capacity cannot be directly recorded 
These are commonly measured by “nitrogen 
wash-out” or “helium dilution ” In “nitrogen 
wash-out” the subject is made to breathe ni- 
trogen-free oxygen long enough (about seven 
minutes) to fully “wash-out” the nitrogen from 
his lungs His expired air is collected, its 
volume IS measured, and it is analyzed for con- 
centration of nitrogen The total amount of ni- 
trogen collected is the product of the concentra- 
tion and volume Since the original concentra- 
tion of nitrogen in the lungs is known (about 
80^) the lung volume can be determined 
Thus, if 50,000 ml of expired air were collected 
over the 7-min period and the concentration of 
nitrogen in the collected gas was 4%, the func- 
tional residual capacity would be 50,000 X 0 04 
- 0 80 or 2500 Helium dilution is comparable 
m concept A measurement is made of the dilu- 
tion of hehum which results from adding the 
volume of the lungs to a closed circuit con- 
taining a known amount of helium 

Whatever method is used, the functional re- 
sidual capacity can be measured more reprodu- 
cibly than the residual volume or total lung 
capacity because it is independent of muscular 
effort The residual volume is usually calculated 
by subtracting the expiratory reserve from the 
functional residual capacity, the total lung ca- 
pacity by adding the inspiratory capacity 

There are numerous normative data on lung 


volumes One commonly used empiric predic- 
tion formula for adults is (Baldwin et al , 1948) 

Males, vital capacity = [27 63 •- (0 112 X age)] X 
height in centimeters, 

Females, vital capacity = [21 78 — (0 101 X age)] X 
height in centimeters 

These reflect the fact that vital capacity is 
related to age, sex, and height A normal per- 
son’s total lung capacity and residual volume 
can be estimated by knowing that the vital 
capacity compnses about 70^f or of the 
total lung capacity 

The vital capacity and total lung capacity are 
reduced by weakness of the normal and acces- 
sory muscles of inspiration and expiration, by 
immobilization of the ribs and sternum, or by 
space-occupying defects of the chest The vital 
capacity is less m the supine position than m 
the upright position because the intrathoracic 
blood volume is increased m the supine posi- 
tion, displacing an equivalent volume of air 
The functional residual capacity is the 
volume to which the lungs and chest arrive in 
the absence of muscle contraction It repre- 
sents, therefore, an equilibrium position of the 
chest and lungs, intermittently disturbed by 
the forces of muscle contraction Factors af- 
fecting this equilibrium and its disturbance are 
discussed below 

Pressures Required for 
Changes in Volume 

THE LUNG 

The chest wall, independent of the lung, and 
the lung itself are both hollow structures with 
elastic properties Each has a certain volume 
when pressures inside and outside are equal 
and each responds to a distending or retracting 
force by a change in volume proportional to 
that force The relationship between volume 
change and pressure required to inflate the 
lung alone is shown by the dotted line of Fig 
6 14 It shows that the equilibrium volume of 
the lung, when no inflationary pressure is ap- 
plied, IS a small proportion of the total lung 
capacity (approaching 0 in the figure) and that 
increments in inflationary pressure produce 
specific increments of volume The slope of this 
line indicates the compliance of the lung, i e , 
the relationship between volume and pressure 
Compliance is equal to the volume change in 
liters divided by pressure change in centimeters 
of HgO Comphance decreases with inflation, 
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Fig 6 14 Pressure-volume relationships of chest and 
lung in relaxed subject (relaxation pressure) in lung alone 
and in chest wall alone See text for explanation (Adapted 
from Rahn et al 1 946 ) 

indicating that as the lung inflates, progres- 
sively greater force is required for a given 
volume change Under normal circumstances in 
man, it is not possible to measure the pulmo- 
nary compliance at volumes below the residual 
volume, for this would require opening the 
chest Compliance is therefore usually meas- 
ured over the relatively linear segment of the 
curve which includes the volumes of the lung 
during normal breathing, i e , the functional 
residual capacity plus the tidal volume or more 
Normal values m man are approximately 0 2 
liters/cm of HgO (Frank et al , 1956) 

The more a given lung is inflated the less is 
the compliance It is less for small lungs than 
for large lungs (0 0012 for rats as compared to 
0 09 for dogs) and is reduced in man by cir- 
cumstances which reduce the amount of lung, 
such as surgical removal of lung tissue It is also 
reduced by change in the composition of lung 
tissue (pulmonary fibrosis) and progressively, 
with time, if the distension of the lung with 
each breath is unvarying (Ferris and Pollard, 
1960) 

The fact that compliance is less for small 
lungs than for large lungs (CrosfiU and Widdi- 
combe, 1961) and less for a highly inflated 
lung than for less inflated lungs does not neces- 
sarily indicate fundamental differences in stiff- 
ness True difference in elastic properties be- 
tween one lung and another are reflected only 
when correction is made for differences in size 
or Wlume. One approach is to divide compli- 


ance by the functional residual capacit> (so- 
called “specific” compliance), normal values in 
adults are between 0 05 and 0 06 liters/ml of 
H 2 O per liter Another approach is to measure 
the increase m transpulmonary pressure re- 
quired to inflate the lungs to a volume midway 
between any resting level and full inspiration, 
normal values in man are 7 58 db 2 53 cm of 
H 2 O (Salazer and Knowles, 1964) 

THE CHEST 

The pressure-volume curve of the chest wall 
in the absence of the lung is displaced far to 
the left of the lung curve (Fig 6 14) This re- 
flects the fact that the volume of the chest at a 
given distending pressure is considerably 
greater than the volume of the lung at that 
pressure Thus, although the volume of the lung 
when no pressure is applied is small, the volume 
of the chest is about 70 of the total lung ca- 
pacity It is necessary to apply negative pres- 
sure to the chest (inside negative with respect 
to outside) m order to reduce its volume to the 
functional residual capacity, positive pressure, 
on the other hand, (inside positive with respect 
to outside) is required for inflating the lung to 
the functional residual capacity The compli- 
ance of the chest wall is about 0 2 liters/cm of 

THE LUNG AND CHEST 

Up to this point, the lung and chest have 
been treated as separate structures If the lung 
is now placed within the chest and its volume is 
to be the functional residual capacity, it will 
recoil and pull m on the chest with a force 
equal to the pressure required to distend it to 
the functional residual capacity (about 5 cm of 
H 2 O) This retracting force of the lung on the 
chest wall is the basis of negative (below atmos- 
pheric) pressure between the visceral and par- 
ietal pleurae (interpleuraP “space”) As a result 
of it, the chest volume is less than it would be 
in the absence of the lung by a volume equal to 
the difference between the functional residual 
capacity and 70% of the total lung capacity 

The relaxation pressure curve of an intact 
subject (Fig 6.14) depicts the relationship be- 
tween pressure of air in the lungs and the 

^ “/nterpleural” is used here and subsequently to 
indicate between the visceral and parietal pleural sur- 
faces ‘Tntnzpleurar’ is more commonly used, refer- 
ring to the pleural cavity Inasmuch as there is nor- 
mally no cavity or space as such, interpleural seems 
more appropriate 
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volume of the lung-chest system when the sub- 
ject IS completely relaxed The pressure is 0 at 
the functional residual capacity, for the elastic 
recoil of the lung is matched by an equal and 
opposite pull by the tensile properties of the 
relaxed chest wall Increasing the volume of the 
chest and lung above the functional residual 
capacity requires increasing the air pressure 
This pressure, or force, is equal to the force 
generated by contraction of the muscles of in- 
spiration Decreasing the volume of tHe chest 
and lung below the functional residual capacity 
requires reducing the intrapulmonary pressure 
below atmospheric pressure, this pressure is a 
measure of the force generated by the muscles 
of forced expiration Fig 6 14 shows that the 
force developed by the muscles of inspiration 
up to a volume comprising about 70^c of the 
total lung capacity is expended only on the 
lungs At higher volumes, however, force is 
needed for expanding the lungs as well as the 
chest During forced expiration, the energy of 
muscle contraction is expended exclusively on 
the chest wall The compliance of the chest and 
lung (slope of the relaxation pressure curve) is 
about 0 1 liter/cm of H 2 O, 1 e , one-half the 
compliance of lung or chest individually 

It IS apparent that the relationship between 
lung and chest can be compared to that be- 
tween two opposing coiled springs whose equi- 
hbnum is disturbed in one direction or the 
other by a transient force equivalent to contrac- 
tion of the muscles of respiration The pressure 
which represents the recoil of the lung away 
from the chest wall (or the force required to 
keep the lung inflated at a given volume) can 
be measured in the intact chest by carefully 
placing a needle between the visceral and par- 
ietal pleurae, mjecting a small bubble of air, 
and recording the pressure in the bubble with a 
manometer It can be measured more conven- 
iently and safely by measuring the pressure in a 
structure within the chest but outside the lungs 
The esophagus is the most commonly used of 
these, pressure within it being recorded by 
having the subject swallow a small compliant 
balloon partially filled with air and recording 
the pressure within the balloon (Buytendijk, 
1949, Mead, 1961) 

LUNG CHEST, AND MUSCLE 
CONTRACTION 

The maximum pressures which can be devel- 
oped within the lungs by forcefully contracting 
the muscles of inspiration or expiration are 
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Fig 6 15 Pressure volume diagram of intact chest in- 
cluding the relaxation pressure curve (From Fenn 1951 ) 

shown in Fig 6 15 The expiratory pressures 
are greater as lung volume increases, partly 
because the muscles of forceful expiration are 
stretched to a length at which the> can develop 
greater tension, and partly because the recoil of 
the lung-chest system toward a smaller volume 
is greatest when the chest and lung are full> 
expanded The inspiratory pressures, repre- 
sented by negative intrapulmonary pressure, 
are greater at low lung volumes because the 
muscles of inspiration are at a favorable portion 
of their length-tension relationship and because 
recoil of the chest toward a more inflated state 
IS maximal The relative portion of the total 
pressure attributable to the muscle contraction 
and to recoil at each volume is represented by 
the difference between the relaxation pressure 
(recoil) and maximum pressure (recoil plus 
muscle contraction) 

Ventilation 

The volumes and pressures discussed in the 
previous section are independent of air flow or 
time Ventilation has the dimensions of both 
volume and time Normal ventilation m resting 
day-old infants (2 5 kg ) is about 500 ml /mm , 
with a respiratory rate of about 33 
breaths/min , and a tidal volume of 15 mi 
(Smith, 1959) By adulthood (70 kg ), normal 
ventilation has increased to about 6000 
ml /min , at a respiratory rate of 12 
breaths/min and a tidal volume of 500 ml 
Thus, the infant ventilates about 200 
ml /min /kg as compared to less than one-half 
this amount in an adult 

The flow of air into and out of the lung 
vanes from instant to instant during normal 
breathing (Fig 6.16) If one inspires maximally 
to the total lung capacity and then expires as 
forcefully as possible, the plot of volume and 
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Fig 6 16 One breathing cycle showing air flow one 
tidal volume and intrathoracic pressures on simultaneous 
ordinates Inspiration is indicated by downward deflection 
on flow tracing and upward deflection on volume record 
See text for subdivision of intrathoracic pressure record 
{From Cherniak and Cherniak Saunders Philadelphia 
1961 ) 

flow rate as functions of time appears as in 
Figure 6 17 (normal) One can calculate from 
such tracings that the maximum expiratory 
flow rate exceeds 400 liters/min and the pro- 
portion of the vital capacity exhaled in 1 sec , 2 
sec , and 3 sec exceeds 83^, 92%, and 97% 
respectively These values are all used in com- 
paring normal and abnormal patterns of venti- 
lation They are low where airway diameter is 
reduced, asthma and emphysema being the 
classic examples of obstructive respiratory ab- 
normahty {Fig 6 17) (Daymen, 1951) 


, Volume-Time Volume-Flow 
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Time (secs) Flow (liters/sec) 

Fig 6 17 Volume of air forcefully exhaled after max 
imal inspiration Abscissa is time on left half of figure and 
flow on right half VC = vital capacity VT = tidal volume 
FEV 75 = forced expiratory volume in 75 seconds 1 ) 
Flow normally slows progressively as volume decreases 
2) peak flows attainable in asthma and emphysema are 
low 3 ) flows during tidal ventilation are a small fraction of 
peak flows in norma! individuals but a large fraction in 
emphysema 4 ) because the functional residual capacity is 
so elevated the patient with emphysema has a much re 
duced reserve of volume to which to inflate his lungs for 
attempting to increase flow (From Bates and Christie 
Saunders Philadelphia 1964) 

PRESSURES REQUIRED FOR AIR FLOW 

Ventilation, or air flow in and out of the 
lungs, occurs as a result of a pressure difference 
between the alveolar and oral ends of the air- 
ways During normal inspiration, the pressure 
of air in the alveoli falls transiently below at- 
mospheric pressure It equals atmospheric pres- 
sure at the end of inspiration and rises above 
atmospheric pressure during expiration The 
velocity of air flow is proportional to the pres- 
sure difference The relationship between pres- 
sure difference and flow depends on the type of 
flow Two types or patterns are commonly rec- 
ognized, laminar flow and turbulent flow The 
equation for laminar flow is expressed m Poi- 
seuille’s law, in which the pressure (P) differ- 
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ence between the two ends of a tube through 
which there is flow is directly proportional to 
the volume flowing per unit time (Q), to the 
viscosity of the fluid {v), to the length of the 
tube {L) and inversely related to the fourth 
power of the radius (r) 

P,- P,= QSLV/27rr^ 

It IS apparent from this equation that pressure 
IS extremely sensitive to radius, a 2-fold de- 
crease in radius of an airway, for example, re- 
quires a 16-fold increase m pressure if flow is to 
remain constant It is also apparent that pres- 
sure IS directly and simply related to flow, e g , 
doubling pressure doubles flow (Pj — P 2 = 
KQ) in which K is a constant incorporating the 
other terms 

As flow increases in a tube of given dimen- 
sion, a rate is reached at which the flow pattern 
ceases to be laminar and becomes turbulent 
Turbulence occurs when the product of density 
(d), linear velocity (V), and diameter (D) di- 
vided by viscosity (v) exceeds 2000 

Reynolds number = dVDjv 

The relationship between pressure and flow 
m the presence of turbulence is exponential, 
pressure being related not simply to the ve- 
locity of flow but to the square of velocity, e g , 
doubling flow requires a fourfold increase in 
pressure 

Px - P2 = KQ^ 

Calculations of Reynolds numbers in different 
parts of the airways suggest that flow is pre- 
dominantly laminar during quiet breathing but 
predominantly turbulent during even moderate 
hyperventilation Inasmuch as turbulence is 
favored not only by the factors included in cal- 
culating the Reynolds number but also by irreg- 
ularities and branching of tubes, it is reason- 
able to assume that even during quiet 
breathing the pressures for moving air are re- 
quired for both laminar and turbulent flows It 
IS estimated that about 10% of flow resistance 
IS due to turbulence during quiet breathing 

RESISTANCE TO AIR FLOW 

pressure cm HgO 

Resistance 

flow liters/sec 

Flow resistive pressures of the airways can be 
measured if flow and pressure difference be- 
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tween alveoli and environment are known 
Regional resistances at intermediate points 
between the alveoli and the room can also be 
determined if pressure is known at appropriate 
sites By measuring pressures in the pharynx 
with a small balloon, m the trachea by inserting 
a needle between the first and second tracheal 
rings, and in the alveoli by an indirect method 
described below, oral or nasal resistances, pha- 
ryngeal-laryngeal resistances, and mtrapul- 
monary airway resistances can all be calculated 
(Ferris et al , 1964) 

Alveolar pressures are measured with a body 
plethysmograph (Du Bois et al , 1956) A sub- 
ject IS enclosed in an airtight chamber and 
breathes into and out of this chamber The air 
within the chamber will be compressed and its 
pressure will rise whenever the external dimen- 
sions of the chest increase more rapidly than an 
equivalent volume of air is taken from the 
chamber into the lungs This occurs during in- 
spiration when the fall in mtrapulmonary pres- 
sure required for air flow is associated with rar- 
efaction of gases within the lung until flow of 
air from the chamber equalizes pressures in 
lung and chamber at a new lung volume 
During expiration, the dimensions of the chest 
decrease more rapidly than the tidal volume is 
exhaled, the chamber pressure consequently 
falls as mtrapulmonary pressure rises until 
pressure equilibration is again restored at the 
end of expiration The plethysmographic pres- 
sure, therefore, reflects mtrapulmonary pres- 
sure, the precise relationship being defined by 
calibration An equivalent experiment can be 
conducted recording volume change in the 
plethysmograph at constant pressure rather 
than pressure at constant volume (Mead, 1960, 
Jaeger and Otis, 1964) Resistance can be cal- 
culated if instantaneous flow is recorded simul- 
taneously with pressure 

Normal values (centimeters of HgO/Iiter/ 
second) for total airway resistance durmg pant- 
ing are 1 50 ± 0 49 cm of HaO/hter/sec Nor- 
mal values during quiet breathing are 1 26 d= 
0 39 Resistances for women are about 20% 
higher than for men, presumably because the 
airways of women are narrower 

About 20% of the oral-alveolar air flow resist- 
ance can be attributed to flow through the 
mouth, 27% to flow through the glottis and lar- 
ynx, and about 53% to flow through the airways 
below the second tracheal cartilage Durmg 
quiet breathing through the nose, on the other 
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hand, the nasal passages contribute about two- 
thirds of the total air flow resistance Resistance 
offered by the larynx and glottis during normal 
expiration is about twice its value m inspira- 
tion Resistances are least, therefore, during 
inspiration, using oral rather than nasal 
breathing and in men rather than women 
(Ferns et al , 1964) 

RESISTANCE OF LUNG (VISCOUS 
RESISTANCE) 

Alveolar pressures during ventilation are re- 
flected in interpleural pressures as we have 
seen In addition, however, interpleural pres- 
sures register the force required for overcoming 
the viscous resistance of the lung (Marshall and 
Du Bois, 1946, McElroy et al , 1955) This 
latter has been estimated variously to comprise 
a negligible to substantial (28*^c, 21 and 30^r 
to 40 *^ 0 ) proportion of the total pulmonary re- 
sistance, 1 e , air flow resistance plus tissue vis- 
cous resistance Although this figure, as many 
others concerning respiratory mechanics, are 
educated approximations, it is clear that inter- 
pleural pressure during ventilation represents 
1 ) compliant characteristics of the lung, 2 ) air 
flow resistances through the respiratory tract, 
and 3 ) tissue resistance of the lung 

The components of the total pressure differ- 
ence between atmosphere and esophagus which 
are attributable to elastic (compliant) charac- 
teristics and to flow-resistance are represented 
in Figure 6 16 (mtrathoracic pressure) The 
elastic component is indicated by the thin solid 
line It is not a straight line (cf dotted line) 
because the relationship between lung volume 
and time is not linear The shaded portion is 
the additional pressure required for air flow 
and tissue components It is greater during ex- 
piration than during inspiration because air 
flow resistance is higher. 

RESISTANCE OF CHEST (VISCOUS 
RESISTANCE) 

Resistance of tissues of the chest have also 
been estimated. From 30 to 40% of the total 
respiratory resistance is attributed to this 
source both during quiet oral breathing (0 4 
liter/sec ) and during mild hyperventilation 
(flows of 1 liter/sec ) (Fig 6 18) 

INERTIA OF AIR, LUNG, AND CHEST 

The final component of the total mechanical 
force for respiration, inertia, has been meas- 
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Fig 6 18 Subdivision of respiratory work and resist 
ance Values for work bar for subject breathing 1 5 breaths 
per minute at a tidal volume of 500 ml Values for resist 
ance bar for subject breathing through mouth Viscous re 
sistance of lung was assumed to be 0 (See text ) 

ured for lung and air (Mead, 1956) At atmos- 
pheric pressure, a force of only approximately 
0 01 cm of water is required to produce a 
volume acceleration of 1 liter/sec /sec Clearly, 
this is a small component of the forces required 
for ventilation 

The Work of Breathing 

The chest and lungs are a pump operating 
against resistances to generate the pressures 
outlined above The concept of work is useful 
in expressing the energy required or expended 
for breathing (Otis, 1954) 

Work = force X distance 

Force is equivalent to pressure (cm of water), 
and volume (ml ) to distance, 1 e , ventilating 1 
liter of air with a force of 1 cm of water pres- 
sure is equivalent to moving 1 ml of water (1 
g ) 1090 cm or doing 1 g -m of work 

The total work of breathing has been esti- 
mated by placing a relaxed subject in a respira- 
tor and continuously measuring the pressure 
gradient between mouth and outside of the pa- 
tient’s body simultaneously with volume At a 
tidal volume of 500 ml and a frequency of 15 
breaths per mm , the work on the lungs, chest, 
abdomen, and air was approximately 0 32 kg - 
m /mm The work done to stretch chest and 
lungs, 1 e , elastic work, was about 63% of the 
total work (Fig 6 18) 

The work of breathing can be conceptualized 
by graphic representation The work done on 
the lungs during a single breath is shown m 
Figure 6 19 Oral-esophageal pressure differ- 
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Fig 6 19 The relationship between lung volume and 
transpulmonary pressure during one inspiration and expi- 
ration of 1 000 ml See text for explanation (From Cher- 
niak and Cherniak Saunders Philadelphia 1961) 

ence is plotted on the horizontal axis and 
volume at any pressure on the vertical axis 
Point A IS the plot of pleural pressure at the 
end of expiration v/hen flow is 0, and volume is 
the functional residual capacity Point C plots 
pleural pressure at the end of inspiration when 
flow IS 0 again, and volume is the functional 
residual capacity plus 1000 ml The line AC is, 
therefore, the compliance of the lung It is as- 
sumed to be straight because compliance is rel- 
atively linear over this range of lung volumes 
The elastic work (pressure X volume) done on 
the lungs is represented by the area of the trap- 
ezoid ABCDO 

The pressures actually recorded during a 
breathing cycle are indicated by the loop 
AB^CB^ The area AB^CB represents the none- 
lastic, 1 e , flow resistive, work done on the 
lungs and air during inspiration The area 
CB^AB represents the nonelastic work done on 
lungs and air during passive expiration This is 
a portion of the elastic energy stored in the 
lungs at the end of inspiration The balance of 
the elastic energy, AB^CDO, is not recovered 
dunng expiration and in this sense is ‘Tost,” 
possibly as heat 

The shape of the loop AB^CB^ reflects none- 
lastic pressures It is, therefore, broad or more 
circular when flow rate is high (hyperventila- 
tion) or resistance mcreased (airway narrowing) 
Because the force required to stretch the lungs 
(elastic properties) is independent of the rate at 
which the lung is inflated, progressively in- 
creasing rates of ventilation augment flow-re- 
sistive work without affecting elastic work. In- 
creased depth of breathing, on the other hand. 


increases elastic work, particularly since com- 
pliance decreases at higher lung volumes 

Breathing is most economical when the bal- 
ance of elastic and resistive work yields the 
lowest sum compatible with ventilation suffi- 
cient to meet the body’s metabolic require- 
ments It might be assumed that this would 
result in low tidal volumes and rapid breathing 
rates, for this type of breathing would sharply 
reduce elastic work However, as was brought 
out in the previous chapter, carbon dioxide ex- 
cretion and oxygen supply are a function not of 
total ventilation but of alveolar ventilation 
A tidal volume equal to the dead space (150 
ml ), for example, might accomplish a normal 
total ventilation (6 liters/mm ) at minimal 
elastic work but would be entirely wasted be- 
cause no carbon dioxide would be excreted and 
alveolar oxygen pressure would not be main- 
tained It IS one of the important facts of bio- 
logical economy that quiet respiration is accom- 
plished at a tidal volume and frequency such 
that the sum of elastic and flow resistive work 
at an adequate alveolar ventilation is minimal 
This has been shown for man as well as for 
other animals (Otis, 1954) 

The work of breathing can be expressed in 
terms of oxygen utilization This is about 0 5 
ml of oxygen/hter of ventilation in normal in- 
dividuals At a normal ventilation of 6 
liters/min this is equivalent to 3 ml /min or 
about 1% of normal total requirements (300 
ml /min ) The oxygen cost increases with ven- 
tilation in a nonlinear manner, indicating pro- 
gressively rising cost with the hyperventilation 
of exercise One estimate of oxygen utilization 
for breathing during severe exercise at a venti- 
lation of 160 liters/mm is 406 ml /mm 

Patients with obstructive disease expend a 
considerably larger proportion of their basal 
energy for breathing, for both resistance and 
ventilation are increased The augmented ox- 
ygen utilization and CO 2 production resulting 
from greater activity of respiratory muscles may 
place a significant additional burden on a mar- 
ginal system 

EFFICIENCY 

The efriciency of the muscles of respiration 
can be calculated from the work they perform 
and the oxygen cost of doing this work 

Efficiency = mechanical work/oxygen used 

Values for mechanical work are about 0 03 kg- 
m /liter as compared to 0 6 kg -m /liter for the 
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work equivalent of oxygen utilization The effi- 
ciency, therefore, is about 5^c This low me- 
chanical efficiency indicates that most of the 
energy for respiration is in the form of heat 

INTERPLEURAL PRESSURES 

The pressure within the chest but outside the 
lungs measures both the elastic recoil of the 
lungs and the flow-resistance of air and lungs 
It IS, therefore, most negative at high volumes, 
high inspiratory flow rates, and high inspiratory 
resistances It is subatmosphenc throughout 
inspiration and expiration (Fig 6 16) except 
when the energy stored in the lungs at the end 
of inspiration is inadequate for the work of ex- 
piration This occurs during forced expiration, 
cough, sneeze, and expiration through nar- 
rowed airways In these instances, active work 
is done during expiration which must be added 
to the work of inspiration for calculating the 
total work of breathing It would appear graph- 
ically as an area extending to the left of the 
vertical axis m Figure 6 19 

The fact that interpleural pressure is subat- 
mospheric has important implications There 
will be flow into the thorax from any site at or 
above atmospheric pressure provided a flow- 
way IS present Accordingly, air flows into the 
chest from the atmosphere and creates an inter- 
pleural space (pneumothorax) when the chest 
wall IS perforated, venous blood flows toward 
the thorax and right auricle down the pressure 
gradient from the abdomen or other body part 
to the chest This gradient with respect to the 
abdomen is increased during inspiration not 
only because mtrathoracic pressure falls, but 
because the descent of the diaphragms raises 
abdominal pressure by a few centimeters of 
water above atmospheric pressure Reducing or 
reversing this gradient by performing the Val- 
salva maneuver can compromise venous return 
sufficiently to cause hypotension and syncope 

Another important indirect consequence of 
negative interpleural pressure concerns its ef- 
fect on the patency of airways To the extent 
that these are exposed to interpleural pressures, 
they are subjected to a transmural force This 
force is a distending force at high lung volumes 
and rapid inspiration, a weaker distending 
force during passive expiration as interpleural 
pressure falls, and a compressing force during 
forceful or high resistance expiration when in- 
terpleural pressure rises above atmospheric 
pressure. 


The pressure gradient across the airway wail 
depends not only on interpleural pressure but 
also on the pressure within the airway This is 
atmospheric when there is no air flow and the 
glottis IS open During ventilation, it is more 
nearly atmospheric in the larger airways closer 
to the atmosphere and most nearly interpleural 
in the finer airways farther downstream on in- 
spiration and farther upstream on expiration 
Accordingly, the airways subjected to the 
greatest transmural pressures are the larger 
ones Providing these with supporting cartilage 
is, therefore, good teleology Despite their carti- 
laginous support, however, these can be shown 
roentgen ographicaliy to undergo visible nar- 
rowing during forced expiration — a change 
which increases flow resistance 

Airway patency is preserved not only by neg- 
ative interpleural pressure and by cartilage, but 
by radial traction from the elastic tissue within 
which the airways are suspended This traction 
IS a function of the relationship between length 
and tension of the lungs’ elastic fabric, the 
number of elastic strands pulling on the airway 
per unit area of surface, and the degree to 
which the lung is stretched (lung volume) The 
significance of this support is shown in normal 
breathing by progressive slowing of air flow 
dunng forced expiration (Fig 6 17), indicating 
narrowing of the airways as lung volume de- 
creases This narrowing is particularly pro- 
nounced in emphysema (Fig 6 17) where loss of 
elastic properties of lung tissue and the thin- 
ning out of parenchymal strands surroundmg 
airways predisposes them to collapse especially 
during expiration This may be so pronounced 
that air flow ceases during expiration at lower 
volumes no matter the force with which the 
muscles of expiration contract A vicious cycle 
results as expiratory effort increases, inter- 
pleural pressure rises, airways undergo addi- 
tional compression, and airflow is further 
slowed Breathing at pathologically high lung 
volumes, one of the hallmarks of obstructive 
abnormality, is a logical recourse 

HYSTERESIS AND SURFACE ACTIVITY 

The change m volume of the lung with pres- 
sure has been described during inspiration (Fig 
6 14) During expiration, when the lung is al- 
lowed to deflate, the curve of its volume-pres- 
sure behavior does not retrace itself, but is dis- 
placed to the left forming a loop (Fig 6 20) 
The area of this loop represents an amount of 
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Fig 6 20 Air versus saline filling excisecj cat lungs at 
room temperature Saline curves obtained from excised 
gas free cat lungs suspended in saline bath at room tem- 
perature and filled from a saline reservoir Air curves 
taken from the gas-free state obtained with the lungs 
hanging in air and filled from an air reservoir maintained at 
a constant pressure Volumes all taken relative to the ini 
tial volume of the lungs as removed from the animal Dur 
ing inflation with air the volume equilibrated slowly and 
the lungs filled irregularly During deflation equilibrium 
was reached rapidly and the lungs emptied uniformly 
(From Radford 1957) 

energy which is unaccounted for (hysteresis), 

1 e , at any volume the product of volume and 
pressure is less on expiration than during inspi- 
ration The explanation for this “loss” is un- 
clear It is related, however, to a force, surface 
tension, present at the interface of air and the 
fluid lining the alveolar walls This is clearly 
shown in Figure 6 20 in which the normal hys- 
teresis of air-filled lungs is seen to be virtually 
eliminated by substituting saline for air Some 
of the concepts relating to this important obser- 
vation are the following 

The lung is comprised of several million more 
or less polygonal or spherical alveoli intercon- 
nected by tubes It is tempting, therefore, to 
assume that some properties of the lung com- 
pare to those of a physical model made of a T - 
tube with an inflated bubble or balloon at each 
end of the top of the T If the bubbles or bal- 
loons are inflated so that the pressure (P) is 
uniform throughout and if the stem of the T is 
then clamped off, one balloon or bubble may 
empty into the other rather than remain in- 
flated The reason for this instability of the 
system is explained by the relationship between 
pressure (P), intramural tension (T), and radius 
of curvature (r) of curved surfaces This is 
stated m the LaPlace equation P — 2T/r If 
one assumes that at inflation the tension within 
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the walls of the bubbles and the radii of curva- 
ture are precisely equal, the bubbles will both 
remain inflated If, how^ever, the radius of one 
bubble decreases slightly, the pressure in this 
one will rise if intramural tension remains con- 
stant and air will flow into the other bubble 
whose radius will increase, lowering its pressure 
(Fig 6 21) This phenomenon is not normally 
seen in the lung, i e , once the lung is mtlated, 
It remains so throughout rather than collapsing 
in one area (atelectasis) and over-inflating m 
another 

The stability of the lung is partly due to the 
fact that intramural tension ( 7^ is small for the 
surfaces of the alveoli This property is attrib- 
uted to a substance in the fluid lining the air 
spaces which reduces surface tension (Pattle, 
1963) The bubble of fluid which opens up into 
the airway is, therefore, low in its intramural 
tension and therefore low in its tendency to 
contract or deflate 

A substance which reduces the surface ten- 
sion is a normal constituent of lung tissue 
extracts (Clements, 1957) Such extracts have a 
surface tension approximately 1/70 the surface 
tension of water and ^0 the surface tension of 
other body fluids Phospholipids or lipoproteins 
have been implicated, lecithin being specifically 
identified among this group of compounds 
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Fig 6 21 Volume pressure cuive for a bubble on a 
tut>e As pressure rises volume changes little unt‘l a crit 
ical point is reached at which volume increases without 
further pressure rise This ooint is reached when radius of 
curvature (/?) passes through a minimum value equal to 
the radius of the tube Thereafter at a constant tension {71 
in the wall of the bubble pressure falls as radius or 
volume of the bubble increases Alveoli of the deflated 
lung pop open when the lung is gradually inflated as 
though following this law (From Mead 1962) 
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Extracts from lungs of children suffering from 
inability to mamtain the inflation of their lungs 
(respiratory distress syndrome) are deficient m 
this surface active agent (Aveiy and Mead, 
1959) 

Not only do the surface active materials de- 
crease surface tension, but they decrease it 
more when surface area is small than when it is 
large Surface tension is consequently less m 
small alveoli than in large ones Assuming al- 
veoli change in size during inspiration and ex- 
piration, surface tension is less at the end of 
expiration than at the end of inspiration This 
decrease in surface tension with deflation and 
size balances the increase in pressure one would 
anticipate from the LaPlace equation if surface 
tension remained constant and radius de- 
creased Stability is promoted, therefore, both 
because surface tension is generally reduced 
and because it adjusts itself to surface area 

It appears, therefore, that the mechanical 
properties of alveoli reflect those of at least two 
concentric layers one is a film characterized by 
surface activity which normally stabilizes the 
air spaces of inflated lung and has its own pres- 
sure volume characteristics on inflation and 
deflation, the other is the alveolar epithelium 
together with the collagen, elastin, and other 
tissue possessing its independent mechanical 
attributes 

THE FIRST BREATH 

Breathing motions of a sort go on m utero, 
for material injected into the ammotic fluid can 
be recovered from the lungs after birth There- 


fore, the lungs contain fluid before the first 
breath The following are some of the mechan- 
ical considerations pertaining to their dramatic 
change to organs of respiration 

To the extent that the spaces of the lung are 
distended with fluid, the pressure required for 
expansion conceivably is less than if they were 
collapsed, for some of the smaller airways will 
have a larger radius and, by the LaPlace equa- 
tion, will enlarge with less pressure In point of 
expenmental fact, lungs containing some fluid 
expand at a lower pressure than airless lungs 
containing no added fluid 

The chest is compressed by pressures up to 
95 cm of HjO during vaginal delivery Some 
fluid is expressed from the lungs by this force 
m babies born with cephalic presentations The 
balance of fluid must pass into the circulation 
either directly across the alveolar epithelium 
into the pulmonary capillaries or indirectly 
through the lung lymphatics into the systemic 
circulation 

The change from the airless to air-filled state 
IS precipitous, it occurs in less than 1 sec after 
onset of breathing (Fawcitt et al , 1960) The 
functional residual capacity at 10 min of age is 
about 17 ml /kg , is about 30 ml /kg after 30 
min , and is at this same value 4 days later 
Interpleural pressures recorded through an 
esophageal balloon during the first inspiration 
vary from -10 to -70 cm of HjO The first 
expiration is associated with positive inter- 
pleural pressures as high as 20 cm of HjO 
(Karlberg et al , 1962) Presumably these pres- 
sures are the result primarily of diaphragmatic 
and abdominal muscle contraction 
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CONTROL OF 16\5SP8RAT503M A!^D 
EXPIRATION 

In this chapter first the neural mechanisms 
which are responsible for rhythmic inspiration 
and expiration are described This is followed 
by analysis of those mechanisms which influ- 
ence the rate and depth of breathing in such a 
way as to keep the carbon dioxide tension and 
oxygen tension of the arterial blood within the 
ranges compatible with normal functioning of 
the body At present most of the essential facts 
about the neuromuscular machinery for 
breathing and the sensors and stimuli which 
are concerned with regulating alveolar ventila- 
tion are known 

As described in chapter 3, inspiration 
during eupnea is accomplished by contraction 
of certain muscles, such as the diaphragm and 
mterosseus external mtercostals, which may be 
called primary muscles of inspiration, while 
expiration is the result of the elastic recoil of 
the lungs and thoracic cage, and the action of 
gravity when the inspiratory muscles relax 
With increased demands for ventilation, addi- 
tional muscles, collectively called accessory 
muscles of inspiration, are activated to produce 
a more rapid and deeper inspiration, certain 
muscles also contract during expiration to ac- 
celerate the return of the chest to the resting 
end-expiratory position In eupneic breathing, 
therefore, for inspiration and expiration to 
occur it IS necessary simply for the motor neu- 
rons supplying the primary muscles of inspira- 
tion to show intermittent bursts of activity 

The initial observation which is important m 
considering regulation of breathing is that 
apnea occurs when the CO 2 tension of the 
blood IS below certain levels if at the same time 
the O 2 tension is above certain levels This situ- 
ation can be produced simply by hyperventi- 
lating with atmospheric air, or an even longer 
penod of apnea can be produced by hyperventi- 
lating with oxygen After hyperventilation is 
terminated apnea will supervene until CO 2 ten- 
sion becomes elevated to a certain level or until 


O 2 tension becomes lowered below certain 
levels Thus, it is seen that the initiation of 
breathing after hyperventilation depends upon 
stimuli which derive either from a rise m CO 2 
tension or from a fall in Og tension or from an 
interaction of these changes 
The relative importance of CO 2 and O 2 m 
influencing breathing in an individual at sea 
level (ambient pressure of 760 mm Hg) is illus- 
trated when the percentages of these gases m 
inspired air are altered If the 0 2 percentage is 
increased above the amount normally found, 
even up to 100%, negligible influences on rate 
and depth of breathing are observed Also, if 
the amount of O 2 m inspired air is moderately 
lowered, namely, down to about 18%, typically, 
little or no change in breathing is observed 
Some persons will show stimulation of 
breathing as the O 2 is lowered to around 16% 
and levels of 10 to 12% regularly cause hy- 
perpnea From these facts it is apparent that 
reduction m Oj tension is not an important 
factor in regulation of breathing until the ten- 
sion is reduced below some critical level which 
IS somewhat lower than that found in normal 
resting subjects breathing air at a pressure of 
one atmosphere Any slight increase in the CO 2 
tension of arterial blood, on the other hand, 
causes an increase in breathing, and a decrease 
in CO 2 tension is associated with apnea even 
when the O 2 tension is moderately below that 
which is found normally at sea level Such facts 
provide a basis for the interpretation that the 
inspiratory process at sea level in normal sub- 
jects IS related to the action of CO 2 on certain 
neurons in the respiratory center in the me- 
dulla oblongata, causing them to discharge, and 
the termination of mspiration, resultmg in expi- 
ration, occurs as a result of “feedback” of m- 
hibitory influences to these neurons This 
mechanism serves to keep the CO 2 tension of 
arterial blood at a constant level of about 38 to 
40 mm Hg in the presence of wide fluctuations 
m O 2 tension of arterial blood as long as the 
latter are at levels from about 80 to 90 mm, Hg 
and up 
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It is customary and convenient to speak of 
the collections of nerve cells in the brainstem 
which are concerned with the integration of the 
activity of the muscles of respiration as the res- 
piratory center But the use of the term should 
not be taken to imply that the controlling 
nervous elements are a compact circumscribed 
mass, or confined to a closely restricted area 
Section through the brain at any level rostral to 
the upper border of the pons usually does not 
alter significantly the respiratory rhythm But 
sections at various levels behind this cause pro- 
nounced disturbances in respiration If a cut is 
made through the medulla caudal to the tip of 
the calamus scriptorius, all breathing ceases 
Legallois (1824) located the respiratory center 
in the lower part of the medulla oblongata, and 
Flourens (1851, 1858) found a small spot about 
the size of a pin’s head just beneath the fore- 
part of the calamus scriptorius in the floor of 
the fourth ventricle, on either side of the mid- 
line He showed that after bilateral destruction 
of this area, which he named noeud vital (vital 
knot), the breathing ceased It appears, how- 
ever, that the respiratory failure in these ani- 
mals could have been secondary to circulatory 
failure related to loss of vasomotor tone 

Markwald (1887) described powerful and 
prolonged tome inspiratory movements or 
“cramps” which supervened after bilateral sec- 
tion of the vagus nerves and division of the 
brainstem immediately behind the posterior 
colliculi He concluded that a center inhibitory 
to inspiration was located in the latter situa- 
tion, but that the vagi also had an inhibitory 
action, consequently the inspiratory “cramps” 
appeared only after vagal influence had been 
abolished as well Markwald’s observations 
were confirmed shortly afterward by other ex- 
periments The subject was studied further by 
Lumsden (1923), who found that the prolonged 
inspiratory movements occurred only if the sec- 
tion passed through the pons a few millimeters 
behind its anterior border and occurred 
whether or not the vagi were divided The in- 
spiratory cramps or apneuses, as Lumsden pre- 
ferred to call them, last for several seconds He 
postulated their dependence upon an apneustic 
or inspiratory center at the level of the striae 
acusticae, which was dominated normally by an 
inhibitory or pneumotaxic center situated m 
the upper part of the pons The duty of the 
latter center was, through its inhibitory influ- 


ence, to help to transmute the apneustic move 
ments into the rhythmical movements charac 
teristic of normal respiration After section of 
the brainstem behind the striae acusticae, the 
respirations consisted of a series of gasps occur 
ring at relatively long intervals Lumsden con 
eluded that these represented the activity of a 
primitive gasping center situated in the lower 
part of the medulla from which the two higher 
centers had evolved It was considered to be of 
little importance in higher animals 

Lumsden ’s results were confirmed m the 
main by Stella (1938) and by Pitts, Magoun, 
and Ranson (1939) Stella, however, found m 
contradiction to Lumsden, that section through 
the pons (i e , separation of the pneumotaxic 
center) did not result in apneusis unless the 
vagal influence was abolished also (see Fig 
6 22) The results of Pitts and his associates are 
m essential agreement with those of Stella 
They found that animals decerebrated through 
the upper part of the pons maintained a normal 
type of respiration which responded in the 
usual way to chemical and peripheral nerve 
stimulation so long as the vagi were intact, but 
immediately developed apneustic respiration 
and a complete cessation of rhythmical move- 
ments when both vagi were severed Stimula- 
tion of the central end of one of the cut vagi 
temporarily restores the respiratory rhythm 
The apneustic center is, therefore, under a 
double inhibitory influence, either one of which 
IS capable of converting the apneustic type of 
respiration to the rhythm of normal or nearl> 


Cool off 



posterior colliculi and ventrally 2 5 mm below the upper 
border of the pons Between x and z the vagi were 
blocked by cold Time 2 sec (After Stella 1938a) 
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normal respiration The vagal impulses influ- 
encing the apneustic center are initiated by the 
stretch of the lung toward the latter part of the 
inspiratory phase of normal breathing Studies 
bv Cohen (1958) indicate that the pneumotaxic 
center shows rhythmic activity synchronous 
with breathing when its connections with the 
respiratory center are intact but fails to show 
rhythmicity when these pathways are cut 

The apneuses, like normal respirations, are 
affected powerfully by the CO 2 tension of the 
blood, being increased in depth by having the 
animal breathe an air mixture containing a 
high concentration of CO 2, and reduced in 
depth, or prevented from occurring, by carbon 
dioxide lack According to Stella, the pneumo- 
taxic center is bilateral but its connections with 
the apneustic center are mainly homolateral, 

1 e , uncrossed 

Pitts, Magoun, and Ranson (1938) describe 
the respiratory center in the cat, which they 
locate in the reticular formation of the medulla, 
as consisting of an inspiratory and an expira- 
tory division, both centers are bilaterally repre- 
sented The inspiratory center occupies the ros- 
tral half or two-thirds of the reticular forma- 
tion overlying the olivary nuclei on both sides, 

1 e , beneath the caudal third of the floor of the 
fourth ventricle (Fig 6 23) When stimulated a 
maximal coordinated inspiration results, in- 
volving both diaphragm and thorax If stimu- 
lated during apneusis, the magnitude of the 
inspiratory movement is increased, if stimu- 
lated during an interval between apneuses, an 
apneustic movement is produced The expira- 
tory center lies in the reticular formation 
dorsal to the inspiratory center Electrical stim- 
ulation within this area causes expiration, if 
stimulated during inspiration or during apneu- 
sis, these movements are inhibited Regular 
respirations — inspiration alternating with ex- 
piration — are induced by rhythmical stimula- 
tion of the inspiratory center, expiration then 
occurs passively Rhythmical stimulation of the 
expiratory center also produces regular respira- 
tion, spontaneous inspirations then alternating 
with the expiratory movements Intimate S 3 ni- 
aptic connections exist between the diffusely 
distributed neurons within each center and 
between the two oppositely acting centers on 
the same side, as well as between similarly 
acting centers on opposite sides of the medulla 
Thus, unilateral stimulation of a small area of 
the inspiratory center causes maximal contrac- 



Fig 6 23 Dorsa! view of lower brainstem of cat 
showing location of pneumotaxic inspiratory and expira- 
tory centers Extent of expiratory center shown in light 
stippling inspiratory center in heavy stippling Though the 
centers are bilateral each is outlined on one side only for 
the sake of simplicity 1C inferior colliculus AT acoustic 
tubercle B brachium conjunctivum B P branchium 
points R restiform body CN cuneate nucleus (Redrawn 
from Pitts Magoun and Ranson 1939a) 

tion of all the inspiratory muscles Excitation of 
one center causes simultaneous activation of its 
fellow of the contralateral side, accompanied by 
reciprocal inhibition of both oppositely acting 
centers Thus, the alternating rhythm of inspi- 
ration is established and sustained, and the 
respiratory movements synchronized on the two 
sides of the body The functional importance of 
the bilateral connections is demonstrated in a 
striking manner by making a deep longitudinal 
cut through the midlme of the caudal part of 
the medulla, then the respiratory rhythms on 
the two sides of the body become asynchronous 
(see Fig 6 24) 

The similarity m the effects of stimulation of 
the expiratory center and of the central end of 
the vagus, namely, inhibition of inspiration and 
of apneusis, has led Pitts and his colleagues to 
the conclusion that the vagal respiratory effects 
are mediated through the expiratory center 
The influence of the pneumotaxic center prob- 
ably is exerted in the same way 

The respiratory center is connected with the 
motor neurons of the phrenic and intercostal 
nerves in the cervical (C 3, 4, and 5) and upper 
thoracic segments of the cord (T 2-6) by de- 
scending tracts which run m the anterior col- 
umns and in the ventral parts of the lateral col- 
umns of the spinal cord 

For full descriptions of the neural mecha- 
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Fig 6 24 Diagram illustrating the chief nervous 
connections responsible for the control of the respiratory 
rhythm Inspiratory and expiratory centers in the medulla 
on the right side surrounded by dotted circles (After Pitts 
1946 slightly modified) 

nisms concerned with controlling inspiration 
and expiration the reader may refer to Wyss 
(1964) and Monnier (1968) 

SPONTANEOUS ACTIVITY OF THE 
MEDULLARY RESPIRATORY CENTERS 

This has been a subject of interest to physiol- 
ogists for many years Some investigators, such 
as Coombs and Pike (1917), and Schafer (1918) 
have denied that the center is capable of spon- 
taneous activity, maintaining that afferent 
impulses, especially those set up in the lung by 
the stimulus of stretch and conveyed by the 
vagus, and those initiated from proprioceptors 
in the respiratory muscles and traveling by the 
posterior nerve roots, were essential However, 
the results secured within recent years by 
means of improved methods of investigation 
mdicate that, in certain species at least, the 
brainstem contmues to discharge impulses to 
tlie respiratory muscles after all or nearly all 


afferent paths have been severed For example, 
rhythmic bursts of impulses can be recorded 
from the central stump of the phrenic nerve of 
a decerebrate animal after section of the vagi, 
glossopharyngeal and other crania! nerves en- 
tering the pons and medulla, and division of 
the spinal cord below the level of the seventh 
cervical segment Such an extensive operation 
would certainly interrupt all important afferent 
paths including those from the carotid sinus 
and the aortic arch It is not to be supposed, of 
course, that the respirations would be normal 
after such a radical procedure, for even if not 
essential for maintaining the activity of the 
center, afferent nerve influences are of the 
utmost importance in the regulation of that ac- 
tivity and the production of the normal respira- 
tory rhythm Evidence for automaticity of the 
respiratory center of a cold-blooded species has 
been secured by Adrian and Buytemjk (1931) 
They succeeded m recording rhythmical action 
potentials from the excised brainstem of the 
goldfish, the potential changes had the same 
range of frequency as the respiratory move- 
ments (Fig 6 25) 

The spontaneous respiratory activity is ap- 
parently dependent primarily upon the inspira- 
tory center, the expiratory center playing an 
inhibitory role to interrupt intermittently the 
inspiratory discharge According to Cohen 
(1958) impulses are not discharged sponta- 
neously from the pneumotaxic center Pitts and 
his colleagues suggest that the pneumotaxic 
center is excited from the inspiratory center, 
that a proportion of the impulses discharged 
from the latter region ascend to the pontine 
center whence impulses descend to the expira- 
tory center, a discharge of inhibitory impulses 
is transmitted from the latter to the inspiratory 
center As the discharge of impulses from the 
expiratory center ceases, the inspiratory center 
resumes its activity, and the cycle is repeated 
A rise m the rate of discharge of the inhibitory 
impulses will increase the rate of breathing, 
while a reduction in the frequency of the dis- 



Fig 6 25 Comparison of electrical potential wave 
rhythm and rhythm of respiratory movements (After 
Adrian and Buytendijk 1931 ) 
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charge will be followed by slowing of the respi- 
rations 

It appears, then, that in the intact animal the 
automatic alternating rhythm of the medullary 
centers is maintained largely by inhibitory 
impulses from the pneumotaxic center and 
from vagal afferents impinging upon the expi- 
ratory centers, which m turn inhibit, intermit- 
tently, the activity of the inspiratory centers 
The vagal influence is evoked by inflation of 
the lungs (i e , by inspiration), expiration, a 
passive act, follows (chap 3) Under ordinary 
physiological conditions the vagal regulating 
influence appears to play the dominant role 

Of the two main methods which have been 
used for localizing inspiratory and expiratory 
centers, namely stimulation vs ^‘sounding” for 
action potentials, the latter would seem to be 
somewhat more suitable Stimulation serves to 
expose only a dominant or major influence 
Neurons having opposite effects could be 
present and could be stimulated simultane- 
ously, but the effects only of the dominant one 
of the two groups would be expected to appear 
Hence, inspiration elicited from a given site 
would not rule out the possibility that expira- 
tory neurons also are present in this region, nor 
could an expiratory response elicited from a 
specific site prove that no inspiratory neurons 
were being stimulated simultaneously Ac- 
cording to Brookhart (1940) lower strengths of 
stimuli applied to the regions in which the in- 
spiratory center and expiratory center are sup- 
posed to be located will elicit various types of 
effects, and somewhat stronger stimuli are re- 
quired to produce the effects reported by Pitts 
and co-workers On the other hand the re- 
cording of a burst of impulses only during one 
phase of the respiratory cycle would constitute 
evidence that only the inspiratory or expiratory 
neurons, depending on the time relations, were 
activated at that site under the conditions of 
the experiment When the “sounding"’ method 
IS used, according to Gesell, Bricker, and 
Magee (1936), for the most part, impulses are 
recorded from a given site during both inspira- 
tion and expiration This would indicate that 
expiratory and inspiratory neurons are inter- 
mingled and would tend to make one doubt 
that there are anatomically discrete expiratory 
and inspiratory centers 

A difficulty with the “sounding” method for 
determining the location of inspiratory and 
expiratory neurons of the respiratory center is 
that impulses may be picked up directly from 


motor neurons Achard and Bucher (1954) in- 
vestigated the region of the respiratory center 
with needle electrodes and determined by sub- 
sequent histological examination the precise 




stretch receptor intercostal muscles 

Fig 6 26 Schematrc representation of organization of 
central respiratory mechanisms in the brainstem of the 
cat Key to transection levels is indicated above In vago- 
tomized cats transection rostral to level 1 allows eupnea 
to be present transection between levels 1 and 2 causes 
apneustic breathing to appear transection between 2 and 
3 results in eupneic breathing or gasping or occasionally 
Biot s breathing and transection caudal to level 3 is fol- 
lowed by absence of respiration (Reproduced by permis- 
sion from Wang Ngai and Frumm 1957) 
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cells from which recordings were obtained Any 
purely inspiratory activity obtained by them 
was from motor neurons involved in inspira- 
tion, while action currents recorded from nu- 
merous other electrodes located in the area of 
the respiratory center did not permit a distinc- 
tion between respiratory rhythms and the con- 
tinuous asynchronous “background” activity in 
the reticular substance It must be concluded, 
therefore, that the question of the precise loca- 
tion of inspiratory and expiratory neurons 
within the medulla has not yet been answered 
The relative importance ol the pneumotaxic 
center in maintaining rhythmic breathing after 
vagotomy seems to differ according to the spe- 
cies of animal studied and the conditions of the 
experiments According to Hoff and Brecken- 
ridge (1954) in dogs, and under certain condi- 
tions in cats, midpontine section combined 
with bilateral vagotomy does not cause cessa- 
tion of breathing, this has been confirmed by 
Wang and co-workers (1957) In fact vagotomy 
has been reported to have no effect on 
breathing m some instances in animals having 
the brainstem sectioned in the midpontine re- 
gion Hoff and Breckenridge have returned to 
the view that the cause of the rhythmic dis- 
charge of respiration lies within the medulla 
itself “Just how the rhythm of respiration de- 
velops within the medulla is still problematical, 
and it may well be possible that within the con- 
fines of the medulla itself anatomical pathways 
are to be found wherein reciprocating self-lim- 
iting circuits, akin to those postulated between 
medulla and pons in earlier hypotheses, deter- 
mine the rhythm of breathing ” 

The situation at present can be summarized 
by stating that the presence of a respiration- 
regulating group of neurons in the upper pontine 
region, the so-called pneumotaxic center, has 
been clearly demonstrated and has an impor- 
tant role m regulation of rh 3 d:hmic breathing in 
the intact animal However, it seems to be 
clearly demonstrated, also, that rhythmic 
breathing still can occur when both this mecha- 
nism and the vagal reflexes are eliminated 
Finally, the precuse manner m which the pon- 
tine elements influence respiration has not 
been determined In Figures 6 26 and 6 27 are 
shown two recent attempts to explain the or- 
ganization of the respiratory center 
Profound inhibition of breathing can be pro- 
duced by stimulation of the anterior cingulate 
cortex on the medial surface, and the orbitom- 
sulotemporal polar cortex on the ventral surface 


Inhibit 
Modulator 
Facilit 
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Fig 6 27 Schematic representation of functional con 
cept of central regulation of respiration Relative locations 
m the brainstem of a cat of the regions which subserve 
the various functions are indicated (Reproduced by per 
mission from Brodie and Borison 1957) 

of the cerebral hemisphere In man, arrest of 
breathing has been produced in patients under 
light Pentothal anesthesia from the anterior 
cingulate and posterior orbital surface, and m 
the conscious patient from the same areas and 
from the anterior insula and the ventromedial 
aspect of the temporal pole Acceleration of 
respiration has been observed in carnivores on 
stimulating the motor cortex, the anterior ecto- 
sylvian and the sylvian gyri, and the middle 
and anterior portion of the cingulate cortex 
Precisely what role these cortical areas play in 
the control of breathing is not clear at present 
(See Handbook of Physiology, sect 1, vol 2 p 
1347-1351 ) 

NATURE AND LOCATION OF CO2- 
SENSITIVE CELLS IN THE MEDULLA 

That ceils in the respiratory center show in- 
creased rates of discharge in response to an in- 
crease m CO 2 tension or hydrogen ion concen- 
tration in them, or in their immediate vicinity, 
is generally accepted The precise mechanisms 
of central sensitivity to changes in cH and PcOg 
however are not known One may recall that 
before the discovery of carotid bodies (which 
anatomically are not very far from the respira- 
tory center) it was believed that oxygen lack 
had a stimulant effect directly in the respira- 
tory center, and it is known now that such ef- 
fects are on a reflex basis 
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Leusen (1954) showed that an increase m the 
h\drogen ion concentration m cerebrospinal 
fluid perfusing the cerebral ventricles stimu- 
lated ventilation, and he believed that this ef- 
fect was exerted directly upon the respiratory 
center However, Loeschcke (see Grodms, 1964) 
showed that local application of acid to the 
floor of the fourth ventricle failed to stimulate 
breathing, hence he postulated the existence of 
a cerebrospinal fluid (CSF) bathed chemosensi- 
ti\e area outside the respiratory center Subse- 
quently, Mitchell et al (1963) reported that 
specific areas on the ventrolateral surface of the 
medulla (bounded medially bv the pyramidal 
tracts, laterally by the roots of the 8, 9, 10, and 
11 cranial nerves, rostrally by the pons, and 
extending caudally about 6 mm ) show chemo- 
sensitivity similar to that exhibited by the re- 
ceptors of the carotid bodies Application to 
this area of pledgets containing CSF which was 
equilibrated with high PcOg, or having a high 
cH, or containing nicotine or acetylcholine, 
produced hyperpnea, whereas local cooling or 
application of procaine caused inhibition of 
respiration The authors postulate that all 
medullary CO 2 sensitivity is mediated via these 
“receptors” on the ventrolateral surface of the 
medulla The idea of specific chemoreceptors 
situated on the ventrolateral surface of the 
brainstem and influenced directly by changes 
in the cerebrospinal fluid has been further sup- 
ported by Loeschcke (1965), Florez and Borison 
(1967), and Schlafke and Loeschcke (1968) 
Leusen (1969) states that agreement among 
researchers on the localization of central chem- 
osensitive structures has not been reached, 
and Pappenheimer et al (1965) and Fend et al 
(1966) have presented arguments against the 
\iew that there are such receptors located on 
the surface of the brainstem Leusen (1969) 
suggests a compromise interpretation, namely 
that both superficial and more deeply located 
zones are normally active but that the deeper 
zones are more sensitive to anesthesia and ox- 
ygen lack so that in anesthetized or shocked 
animals the relative importance of the superfi- 
cial medullary chemoreceptors m maintaining 
breathing would be increased If this is correct 
the role of the superficially located chemorecep- 
tors would be somewhat similar to that of the 
peripheral chemoreceptors of the carotid and 
aortic bodies (p 6-55) Evidence which sup- 
ports this view is presented by Cozine and Ngai 
(1967), who failed to obtain effects on respira- 
tion by applying procaine to the venirolateral 


medullary chemoreceptors except when the 
deeper structures were depressed by anesthesia 
or anoxemia 

aid ''vToiOr 

HERING-BREUER REFLEXES 

The Hermg-Breuer reflexes are effects on the 
respiratory cycle which are elicited by inflation 
and deflation of the lungs The receptors con- 
cerned are in the lungs, and the afferent path- 
ways are m the vagus nerves The function of 
these reflexes apparently is to regulate the respi- 
ratory cycle rather than to alter significant^ 
the pulmonary ventilation for any prolonged 
period The observations made b\ Hering and 
Breuer (1868) were that inflation of the lungs 
causes arrest of inspiration expiration then 
ensuing, and deflation of the lungs has an m- 
spiration-exciting effect The\ found that these 
effects were abolished when the vagus nerves 
were sectioned Another wa\ to demonstrate 
the effects of lung distention is to block the 
airway at the beginning of either inspiration or 
expiration When inflow of air is prevented, a 
stronger inspirator> effort results than in the 
preceding cycle, and when egress of air is 
blocked at the end of inspiration, a longer in- 
terval than the preceding one occurs before the 
onset of the next inspiratory effort In eupnea 
apparently the inflation effect during inspira- 
tion alone is a factor As inspiration proceeds, 
distention of the lungs occurs, and impulses are 
carried by vagal afferents to the respiratory 
center where they cause inhibition of the inspi- 
ratory neurons, thus terminating inspiration 
,Once the lungs begin to deflate, impulses are 
no longer set up in the vagal afferents and, 
consequently, the inspiratory neurons again are 
free to discharge 

The mechanical problem m studying the 
Hermg-Breuer reflexes can be circumvented m 
the case of the rabbit since this animal has a 
slip of muscle on the posterior surface of the 
diaphragm which can be dissected free and re- 
corded from, separately from the remainder of 
the diaphragm This diaphragmatic slip of 
muscle can be used as an indicator of the de- 
gree of activation of inspiratory muscles If the 
lungs are distended, the rate and amplitude of 
contraction of the slip decrease, and if the 
lungs are deflated, an increase in rate and am- 
plitude of contraction of the slip is observed 
(Fig 6 28) 

The stimulating effect of lung deflation on 
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Fig 6 28 Record of contractions of isolated slip of 
a diaphragm of a rabbit to illustrate Henng-Breuer re 
flexes Upstroke is produced by contraction of the slip i e 
inspiration Above at + the trachea occkided at the end 
of expiration and at 0 the obstruction was removed Be- 
low at + the trachea was occluded at the end of inspira- 
tion and at 0 the obstruction was removed (After 
Head ) 

inspiration is related under ordinary conditions 
to failure in the production of the normal 
amount of inspiration-inhibiting influence at 
the end of inspiration However, severe defla- 
tion, as from pneumothorax, results in activa- 
tion of other receptors, and reflex stimulation 
of inspiration follows Finally, if lung inflation 
IS severe, not only is inspiration inhibited but 
active expiration is elicited reflexly This may 
not require a third type of receptor, but may be 
simply the result of greater degree of activation 
of the same kind of receptors which are con- 
cerned m the reflex inhibition of inspiration 
The role of vagal reflexes in regulating inspira- 
tion and expiration has been described in detail 
by Wyss (1954) Paintal (1963) reviewed what is 
known about the location and response patterns 
of pulmonary receptors 
A physiological role of the Henng-Breuer re- 
flexes IS to regulate the extent of lung inflation 
so that the tidal volume tends to fall within a 
certain range Also, these reflexes serve to in- 
sure filling and emptying of the lungs despite a 
considerable increase in resistance m the 
airway As would be expected, the typical result 
following bilateral vagotomy is an increase in 
the depth of breathing The inspiratory act 
under these conditions is seen to be unneces- 
sarily long since the chest tends to remain in 
the inspiratory position for a short period after 
ingress of air has stopped This is an inefficient 
process since muscular work is being done 
while no air is being moved. Also, a decrease in 


respiratory rate develops m most animals after 
vagotomy This probably is a compensatoiy 
change, secondary to the increased depth, 
which results in an amount of pulmonary venti- 
lation similar to that which was present before 
vagotomy An increased depth of breathing 
without a decrease m rate would soon wash out 
CO 2 so that the stimulus to the respiratory 
center would be removed, hence the rate soon 
would decrease to cause restoration of normal 
CO 2 levels It should be mentioned, however, 
that the effects of vagotomy on rate and depth 
of breathing vary greatly depending upon the 
anesthetic agent which is used, and further- 
more, changes are progressive for a prolonged 
period following vagotomy 

The effects on respiration of direct stimula- 
tion of the central end of the vagus nerve sec- 
tioned at the cervical level are somewhat un- 
predictable, since the nerve contains several 
types of afferent fibers which carry impulses to 
the respiratory center These include 1 ) aortic 
arch afferents, 2 ) aortic body afferents, 3 ) in- 
spiration-inhibiting fibers activated normally 
during lung inflation, 4 ) mspiration-excitmg 
fibers activated physiologically by excessive 
lung deflation, and 5) fibers concerned with 
visceral pain, and possibly still other t3q)es of 
fibers However, strong stimulation of the cen- 
tral end of the vagus nerve usually causes ap- 
nea, and this may persist for a few seconds 
after cessation of stimulation This result could 
be elicited if the effects of stimulation of 1 and 
3 above were sufficient to override the effects of 
stimulation of 2 and 4 

The Henng-Breuer reflexes are basically pro- 
prioceptive m nature In this case contraction 
of skeletal muscle not only increases the tension 
m muscles and shortens them, but elastic ob- 
jects, the lungs, also are put under greater ten- 
sion The lungs also are supplied with receptors 
from which information is carried back to the 
same neurons that activated the muscles The 
muscles of respiration, like skeletal muscle in 
general, are supplied with proprioceptive inner- 
vation through which their contraction is regu- 
lated in the same way as described for the limb 
musculature 

REFLEX EFFECTS FROM BARORECEPTORS 

A sudden rise m pressure m the sino-aortic 
zones elicits reflexly a decrease m rate and 
depth of breathing If the pressure rise is con- 
siderable, apnea may be produced Typically, 
adaptation is rather rapid so that breathing is 
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restored even though the new pressure level is 
maintained Part of the recovery of respiration 
IS related to adaptation m the receptors them- 
selves, but also it occurs as a consequence of 
the rise in PCO 2 during apnea The opposite 
change, a sudden fall m pressure m the sino- 
aortic zones, elicits hyperpnea Thus, any 
sudden change m blood pressure per se tends to 
elicit respiratory responses During rapid 
bleeding or following injection of vasodilator 
drugs, such as nitroglycerin or bethanechol (a 
choline derivative), respiration is stimulated 
(Fig 6 29), and the effect is prevented m 
considerable part by smo-aortic denervation 
(Schopp, Gilfoil, and Youmans, 1957) The res- 
piration-stimulatmg effect of nitroglycerin which 
still remains after denervation can be partly or 
completely prevented if a device is used to pre- 
vent the fall in arterial blood pressure 
The effects on respiration elicited from the 
baroreceptors probably are of importance in 
influencing the venous return (Youmans, 1958) 
Vasodilation promotes pooling of blood, espe- 
cially in the abdominal viscera, and increased 
respiratory activity promotes the movement of 
blood from the abdominal portion of the infe- 
rior vena cava on into the thoracic portion The 
concept of the respiratory pump, as a factor in 
aiding venous return, introduced by Bonders in 
1859, seems accurate according to the studies 
reviewed by Brecher (1956) Conversely, the 



Fig 6 29 Effects on bJood pressure (below) and re- 
spiration (above) following injection of 0 1 mg /kg of ni- 
troglycerin into dog anesthetized with a-chloralose The 
respiratory stimulation can be prevented if the fall in ar- 
terial blood pressure is counteracted by means of rapid 
infusion of blood from a pressure-regulating device (From 
studies by Schopp Gilfoil and Youmans 1957b ) 


respiratory inhibition during a rise in blood 
pressure, especially m a person m the ortho- 
static position, would favor pooling of blood m 
the splanchnic region so that venous return 
would be decreased, thus cardiac output would 
be lowered, and the rise m blood pressure 
would be counteracted In short, one may inter- 
pret the respiratory responses from barorecep- 
tors, along with effects on heart rate and arteri- 
olar tonus elicited at the same time, as being 
concerned with the stabilization of arterial 
blood pressure However, characteristics of 
these reflexes are such that they are useful only 
m counteracting sudden changes of brief dura- 
tion, they are overridden easily by other influ- 
ences 

CONTROL OF ACTIVITY OF THE 
ABDOMINAL MUSCLES 

In the resting, supine subject, abdominal 
muscles may be completely inactive throughout 
the breathing cycle (Campbell, 1958) In mod- 
erate hyperpnea they become active during ex- 
piration, and m more severe hyperpnea they 
show a rapidly augmenting activity during the 
early part of expiration, with a decrease weU 
before the next inspiration begins Abdominal 
muscles usually are active during expiration m 
the subject m the standing position, and they 
contract in response to continuous positive 
pressure breathing in a subject in the supine 
position The degree of their response to posi- 
tive pressure is proportionate to the level of 
pressure applied Gesell and Moyer (1941) re- 
ported that the contraction of abdominal mus- 
cles m response to positive pressure breathing 
in dogs did not occur after bilateral vagotomy 
at the cervical level Their discussion was based 
on the tacit assumption that vagotomy had this 
effect because of elimination of impulses from 
the lungs Apparently, no one had questioned 
the source of this reflex effect on abdominal 
muscles until recently Studies by the Wis- 
consin group (Youmans et al , 1963) revealed 
that positive mtrapulmonary pressure elicits 
contraction of abdominal muscles in dogs with 
closed chest, but does not do so if the chest is 
open, even though lung distention m the latter 
case IS greater, hence, Henng-Breuer reflexes 
apparently are not concerned Bishop (1964) 
likewise has concluded that the abdominal 
muscle response to positive pressure breathing 
“is not a simple corollary of the Henng-Breuer 
reflex but is a separate reflex served by its own 
vagal pathway ” 
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Results of extensive studies (Youmans et al , 
1963) indicate that activity of abdominal mus- 
cles may be increased selectively on a reflex 
basis when volume of blood in certain “low 
pressure” portions of the cardiovascular system 
is reduced Although it is clear that an 3 d:hmg 
which stimulates breathing tends to cause ap- 
pearance of, or an increase m, activity of ab- 
dominal muscles, on the other hand, a number 
of procedures, which lead to changes in ampli- 
tude of contractions of abdominal muscles, do 
so without causing corresponding changes in 
tidal volume In experiments on dogs it was 
found that several procedures (including bleed- 
ing, tilting the animal to the head-up position, 
aortic occlusion, and positive pressure breath- 
ing) cause marked changes in amplitude of 
steady-state contractions of abdominal muscles, 
while having little or no effect on tidal volume 
In Figure 6 30, a schematic representation is 
shown of main factors and mechanisms con- 
cerned with influencing the activity of abdom- 
inal muscles In addition to the well-known in- 
fluences from chemoreceptors and barorecep- 
tors, acting by way of the respiratory center, it 
IS postulated that atrial mechanoreceptors (ex- 
tensively studied by Paintal (1963) and others) 
are concerned with reflex inhibition of tonus of 
abdominal muscles Any decrease in volume of 
the atria is envisaged as causing an increase in 
tonus of abdominal muscles through withdrawal 
of this inhibitory effect The consequent rise in 
mtra-abdominal pressure serves to reduce the 
capacity of the venous system and hence pro- 
motes better cardiac filling The influences 
from alterations in cardiac filling apparently 
can be exerted independently of the effects on 
amplitude of breathing (as shown for example 
by the fact that occlusion of the postcaval vein 
causes an immediate increase in activity of 
abdominal muscles, while occlusion of the as- 
cending aorta causes immediate inhibition of 
such activity, yet minimal and similar effects 
on inspiration occur) Therefore, it is necessary 
to assume, as shown m Figure 6 30, that im- 
pulses from atrial mechanoreceptors can be 
channeled to the motor neurons which inner- 
vate the abdominal muscles without influencing 
the respiratory center The only new concept 
presented m the schema is that atrial mechano- 
receptors (activated by increased atnal volume) 
are concerned with reflex inhibition of tonus of 
abdominal muscles Campbell (1958) suggested 
the possibility that changes in activity of ab- 
dommal muscles during the respiratory act may 
be determmed m part by reflexes which do not 


operate through the respiratory center He fur- 
ther stated that some of the control of abdom 
inal muscles may be for the purpose of modu- 
lating changes m abdominal pressure, because 
of the effects on circulation, and that receptors 
in the circulatory system, m either the abdom- 
inal or thoracic cavities, might be invoked 
Bjurstedt (1953), more specifically postulated 
that tonus of abdominal muscles may be influ- 
enced reflexly from receptors m the circulator> 
system that are sensitive to changes in filling 
As to the question of an abdominal muscle 
tonus center (ACC in the schema), it is note- 
worthy that Gesell, Magee, and Bricker (1940) 
observed steady-state “expiratory” discharge in 
neurons m the medulla and suggested that 
these units may be concerned with posture 
rather than with exhalation More recently 
Haber et al (1957) recorded two types of “expi- 
ratory” patterns from neurons in the medulla, 
which they differentiate as early vs late The 
late “expiratory” discharges are similar to Ge- 
selFs steady-state type Since they occur at 
maximum frequency in the anesthetized dog 
well after the end- expiratory position has been 
reached (at a time when there is no movement 
of air and when abdominal muscular activity 
and mtra-abdommal pressure are maximal) it 
would seem to be at least as appropriate to call 
them abdominal compression discharges as to 
call them expiratory discharges Haber et al 
(1957) also found that the neurons are carbon 
dioxide sensitive and may become inactive as a 
result of hyperventilation This is also a charac- 
teristic of the neuronal system which is con- 
cerned with maintaining steady-state activity 
m abdominal muscles (Youmans et al , 1963) 
Among the best evidence for reflex influences 
on abdominal muscle tonus elicited from a car- 
diac chamber is that reported by Turner (1961), 
who demonstrated that distention of the left 
atrium produces inhibition of tonus of abdom- 
inal muscles in dogs being artificially respired 
and having the systemic and pulmonary circu- 
lation maintained constant by means of a 
pump This would seem to implicate the left 
atrium as at least one site from which tonus of 
abdominal muscles can be influenced, but it 
does not rule out the possibility of influences 
from still other sites m the heart or pulmonary 
circuit 

REFLEXES INITIATED IN OTHER 
PARTS OF THE BODY 
The experiments of Churchill and Cope 
(1929) showed that a reflex increase in the re- 
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Fig 6 30 Schematic representation of main factors and mechanisms concerned with altering the level of activity 
of abdominal muscles in response to cardiorespiratory changes The left side of the diagram illustrates excitatory influ- 
ences which affect the activity of abdominal muscles either through the respiratory center or more directly The right 
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spiratory rate results from distention of the shallow breathing immediately ensued Section 
pulmonary vascular bed When the vessels of of the vagal fibers abolished the response 
the lung, which was isolated from the body ex- Stimulation of almost any afferent nerve may 
cept for its nerves, were injected with fluid to bring about a reflex change in respiration 
cause overfilling of the vascular bed, rapid Stimulation of pain fibers is especially potent 
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m this regard, and the respiratory effects of the 
excitation of the cutaneous nerves by extremes 
of heat or cold are well known The thermal 
effect upon respiration is apparent in the 
panting of the dog The increased pulmonary 
ventilation m fever is also partly due to the 
stimulation of receptors (thermoreceptors) re- 
sponsive to a rise in temperature The thermo- 
receptors are situated peripherally, especially in 
the skin, and centrally m the hypothalamus, 
the latter, being stimulated through the rise in 
temperature of the blood, set up impulses 
which are transmitted to the respiratory cen- 
ters, the pneumotaxic center in particular The 
great increase in pulmonary ventilation occur- 
ring in muscular exercise is dependent in part 
upon reflexes originating in the active muscles 
and moving joints Proprioceptive impulses 
from the diaphragm and other respiratory mus- 
cles during one respiratory movement exert an 
important influence upon the succeeding move- 
ment Stimulation of sensory nerves in the re- 
spiratory tract, as by ether anesthesia, or of the 
abdominal viscera, either during surgical opera- 
tions or as the result of disease may cause pro- 
found changes in breathing Also, as pointed 
out by Harrison and his associates (1932) stim- 
ulation of afferent nerve endings in the great 
veins and right auricle by the rise in venous 
pressure is a possible factor in the hyperpnea of 
exercise or in the dyspnea of cardiac failure 
The glossopharyngeal nerve contains afferent 
fibers which inhibit respiration during the 
second stage of the act of swallowing Abrupt 
inhibition of respiration is also caused by the 
inhalation of an irritant gas through stimula- 
tion of nasal branches of the fifth nerve In 
other instances irritation of these endings may 
cause sneezing — a modified respiratory act 
Coughing IS most commonly reflex in charac- 
ter, and may be initiated by the stimulation of 
afferent nerve endmgs in the trachea and 
larynx 

Also, there are receptors in the heart, which 
notably are activated by veratndine injected 
into the coronary arteries, and elicit inhibition 
of respiration — along with a decrease in heart 
rate and inhibition of arteriolar tonus The 
physiological role of these receptors is not 
known, but stretching of the cardiac chambers 
by overfiUing elicits a similar response and it is 
possible that these receptors are concerned in 
this reflex. 


RESPIRATORY ADJUSTMENTS TO CO2 

Pulmonary ventilation m a normal subject at 
rest IS kept relatively constant at a given level 
in response to the carbon dioxide tension, hy- 
drogen ion concentration, and oxygen tension 
in specific sites Thus, ventilation is such as to 
tend to keep the values for Pao 2 , Paco 2 and 
pH within a narrow range As a consequence of 
an increase in metabolic rate oxygen tension 
tends to be decreased and carbon dioxide ten- 
sion and hydrogen ion concentration tend to 
be increased This does not happen to any con- 
siderable degree because changes m these 
chemical stimuli elicit an increase of pulmo- 
nary ventilation to counter a rise Or one can 
visualize that if the basal metabolic rate (BMR) 
suddenly should increase by a given increment 
the respiratory minute volume (RMV) would 
also be increased by feedback from sensors 
responding to the chemical stimuli so that the 
levels of Pao 2 , Paco 2 , and pH would be kept 
virtually the same as before the rise In the 
case of responses to exercise, however, addi- 
tional mechanisms are utilized to regulate 
RMV 

Although it IS generally accepted that the 
major chemical stimuli which are concerned 
with influencing pulmonary ventilation are 
known, there are a number of questions which 
require further study These include questions 
concerning sites and mechanisms of action, rel- 
ative sensitivity in the different sites, and pos- 
sible interactions between the stimuli 

The CO 2 content of inspired air is negligible, 
as far as human physiology is concerned, and 
can be increased somewhat without causing an 
increase in RMV Its concentration at sea level 
can be increased by about 1% (7 6 mm Hg) 
before a measurable increase m pulmonary ven- 
tilation occurs If 4% CO 2 is breathed, the 
RMV IS approximately doubled on the average, 
but the effect may be scarcely noticed by the 
subject Any further increase in CO 2 from 4rc 
up to 10% produces a correspondingly greater 
RMV, and at the latter level it may be 8 to 10 
times the resting level Also the subject may 
have symptoms of dizziness, faintness, and 
headache Increasing the CO 2 percentage be- 
yond 10 does not result in significantly greater 
increases in RMV, and at levels above 20% the 
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RMV may begin to show a decrease Also, 
these levels cause convulsive seizures From the 
practical standpoint it would appear that if 
CO 2 IS to be administered to stimulate breath- 
ing, there would be little use for any mixture 
containing less than bTc or more than 10% CO 2 

It is generally agreed that the primary site of 
action of CO 2 m producing effects on breathing 
IS m the respiratory center or m the immediate 
vicinity of the center Cells in a respiratory 
center which has been isolated from extrinsic 
neural influences still show alterations m rates 
of discharge in response to corresponding 
changes in CO 2 tension of the blood reaching 
them, and injection of bicarbonate directly into 
the respiratory center causes an mcreased ac- 
tivity of these neurons 

Considerable attention has been given to the 
question of the precise mechanism by means 
of which CO 2 exerts its stimulant action It has 
been debated whether CO 2 itself has such an 
effect, or whether the effect is exerted indi- 
rectly as a consequence of the concomitant in- 
crease in hydrogen ion concentration There is 
evidence, analyzed by Gray (1950), that both a 
rise in PCO 2 , and m cH, in the respiratory cen- 
ter, contribute to and supplement each other m 
causmg an mcrease in pulmonary ventilation. 

Another mechanism, reflex in nature, is 
available for the stimulation of breathing as a 
consequence of a rise m the PcOj of arterial 
blood The chemoreceptors, already described 
as concerned with producing circulatory adjust- 
ments in response to changes in PO 2 and PcOj, 
when subjected to a sufficient rise in PcOg will 
ehcit an increase in RMV The extensive litera- 
ture dealing with chemoreceptors has been sum- 
marized by Heymans and Neil (1958) and 
others in the proceedings of the J S Haldane 
Centenary Symposium (Cunningham and 
Lloyd, 1963) The fact of reflex stimulation of 
breathing m response to rises in PCO 2 of the 
blood flowing to the aortic and carotid bodies 
has been demonstrated by a number of meth- 
ods and is generally accepted A question 
which has been vigorously disputed, however, 
IS whether the respiratory center in the intact 
subject IS more sensitive than the chemore- 
ceptors In other words, does the chemorecep- 
tive reflex mechanism constitute the first line 
of defense against a rising PcOj in arterial blood 
or does the respiratory center have the greater 
sensitivity Heymans has supported the view 


that the chemoreceptors are concerned with 
reflex drive of breathing even under resting 
conditions at sea level, while Schmidt and 
Comroe have favored the interpretation that 
these receptors are activated m significant de- 
gree only after considerable increases in ar- 
terial PCO 2 The details of the argument are 
reviewed by Heymans and Neil (1958), who 
conclude that the question remains open as to 
how much the chemoreceptors participate m 
the response to moderate hypercapnia in the 
intact animal However, the majority viewpoint 
seems to be that the normally sensitive central 
mechanism responds to rising CO 2 and through 
increased ventilation prevents a rise m PCO 2 
of arterial blood sufficient to elicit a response 
from peripheral chemoreceptors If, on the 
other hand, the respiratory center is rendered 
relatively insensitive to CO 2 , for example, by 
anesthetic agents and narcotic drugs, respira- 
tion is depressed, and PcOj rises to a level suf- 
ficient to set up peripheral chemoreceptive 
drive of breathing According to the latter in- 
terpretation the CO 2 -induced chemoreflex 
ccmstitutes a secondary line of defense to help 
insure pulmonary ventilation when the sensi- 
tivity of the respiratory center is reduced 
Although it would appear that influences 
from peripheral chemoreceptors are not always 
needed, and perhaps would not be a significant 
factor in eliciting an increase in RMV in re- 
sponse to a slowly rising CO 2 tension in a 
normal subject, these receptors are concerned 
in eliciting the initial response to a sudden rise 
in Paco, It is reported that in an animal with 
peripheral chemoreceptors denervated and 
normoxic, so that no significant oxygen lack 
drive IS a factor, the response to inhaled CO 2 is 
demonstrably different from that of the animal 
prior to denervation The denervated animal 
responds after a longer latent period and then 
more sluggishly (Leitner et al , 1966) This re- 
sult is not surprising and does not necessitate 
the conclusion that impulses from peripheral 
chemoreceptors elicited by the normal CO 2 ten- 
sion are concerned in driving breathing in the 
animal at rest Perhaps more applicable to the 
question is the claim that after chronic dener- 
vation of peripheral chemoreceptors the resting 
Ve of the unanesthetized animal is about 80% 
of what it was before denervation and the Paco 
IS about 10 mm Hg higher (Mitchell et al , 
1964, Bouverot et aL, 1965) This appears to 
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indicate that about 20^ r of the drive during 
normal breathing at rest is derived from pe- 
ripheral chemoreceptors 

Ezaguirre and Lewm (1961) approached the 
question of sensitivity of the peripheral chemo- 
receptors directly by determining the number 
ot impulses in afferent nerve fibers from the 
carotid body of the cat breathing different ox- 
ygen mixtures at various Pco levels produced 
by different levels of ventilation If we may 
assume normal sensitivity of the chemorecep- 
tors in their study it may be concluded from 
their results that impulses are discharged from 
peripheral chemoreceptors in response to a 
normal Paco (since a rise from 30 to 40 mm 
Hg produced a considerable increase in fre- 
quency) Also a reduction in oxygen content in 
inspired air from 50 to 20 resulted m a slight 
increase m the number of impulses set up m 
the nerve fibers from the carotid body The 
latter effect was slight enough, however, to in- 
dicate that the influence of oxygen lack on 
chemoreceptors at normal Paq is negligible 
The lowering of Pco 2 m arterial blood can be 
achieved by voluntary hyperventilation or by 
excessive artificial ventilation of anesthetized 
subjects Following hyperventilation, apnea is 
observed, and breathing is resumed when ei- 
ther Pco 2 rises to approximately the level found 
in the subject under resting conditions or when 
the PO 2 of arterial blood drops to a level suffi- 
cient to set up reflex drive of breathing on an 
O 2 lack basis, whichever occurs first, After one 
has hyperventilated moderately with atmos- 
pheric air, oxygen lack develops quickly as the 
store of oxygen m the lungs is absorbed and 
utilized, breathing is resumed in response to the 
oxygen lack stimulus before the Pco 2 has been 
restored to the normal resting level Then the 
oxygen lack is relieved by a few breaths, and 
apnea appears again Gradually, the Pco 2 level 
becomes restored and takes over as the sole 
drive This is the basis for the appearance of a 
few cycles of periodic breathing after hyperven- 
tilation As would be expected if one hyperven- 
tilates with 100^ c O 2 , rather than air, just as 
much CO 2 IS blown off as before, with a given 
degree of respiratory activity, but the PO 2 in 
alveolar air is quite high at the end of the pe- 
riod of hyperventilation Consequently a longer 
time will be required for the 0 2 -lack stimulus 
to appear than for the Pco 2 level to be restored 
Therefore, following hyperventilation with 


lOOC O 2 the elevation of Pco^ may be the mi 
tial factor in the restoration of breathing 

RESPIRATORY ADJUSTMENTS TO O2 

The P 02 m inspired air can be reduced b\ 
lowering the atmospheric pressure in a decom- 
pression chamber m which the subject has been 
placed, or he may breathe prepared gas mix- 
tures having various ratios of 0 2 to N 2 Since 
O 2 tension is lowered in proportion to the de- 
crease in barometric pressure with altitude, one 
may indicate the altitude at which the experi- 
mentally induced PO 2 w^ould be encountered 
Thus a certain altitude, as far as P 02 is con- 
cerned, is simulated by the experimental condi- 
tions For example, if one breathes a mixture of 
10 O 2 and 89 5^} Ng at 760 mm Hg pres 
sure, the POg is about one-half that in atmos- 
pheric air at the same pressure This approxi- 
mates the PO 2 found in atmospheric air at an 
altitude of 18,000 ft where the barometric pres- 
sure is about 380 mm Hg The details con- 
cerning respiratory responses to Po 2 lower than 
that of room air at sea level have been de- 
scribed by Dripps and Comroe (1947) and bv 
Rahn and Otis (1949) The major observations 
may be summarized as follows Some subjects 
show a slight stimulation of breathing when the 
O 2 IS lowered to 16 to 18 while others do not 
respond until a level in the range from 16^( 
down to 12^ f, or even lower in occasional sub- 
jects, is reached At levels of lO'r or below, 
breathing is stimulated but irregularities mav 
develop As the O 2 tension m inspired air is 
lowered and respiratory minute volume in- 
creases, the CO 2 tension in alveolar air and 
arterial blood falls Thus at the same time that 
the oxygen-lack stimulus is operating to cause 
an increased RMV, the CO 2 and cH drives of 
breathing are being withdrawn It is apparent, 
therefore, that the stimulating effects of ox- 
ygen-lack per se on breathing could be recorded 
if the fall in CO 2 tension were prevented, as by 
adding the appropriate amount of CO 2 to the 
inspired air In the discussion of hyperventi- 
lation it was noted that a relatively slight re- 
duction m CO 2 tension (3 to 4 mm Hg) results 
m apnea when there is no accompanying O 2 
lack At altitude, therefore, where the CO 2 ten- 
sion IS lowered more than this (secondary to 
increased RMV), it must be assumed that re- 
spiratory drive IS entirely on an oxygen-lack 
basis or that a readjustment in sensitivity to 
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CO 2 tension has occurred Acutely, the former 
seems to be true, while after prolonged expo- 
sure to low oxygen tension the latter change 
apparently occurs 

Papers on respiration written before the dis- 
covery of the chemoreceptors of the carotid 
bodies refer to a stimulant action of oxygen 
lack on the respiratory center It is now be- 
lieved that a lowered Og tension in the medulla 
does not result in stimulation of breathing, and 
decreases in O 2 tension of arterial blood, within 
ranges that the animal can tolerate for signifi- 
cant periods, do not cause stimulation of 
breathing if the carotid and aortic bodies have 
been denervated Thus, the only sensitive 
mechanism which responds to oxygen lack and 
elicits an increase in RMV is the chemore- 
ceptor reflex Here, too, as in the case of the 
CO 2 effect, the precise level at which a lowered 
arterial Oj tension elicits stimulation of 
breathing is disputed Comroe and Schmidt 
(1938) first reported that the O 2 tension m 
blood perfusing the carotid bodies was lowered 
to about 50 mm Hg before the receptors were 
activated, but others have reported the 
threshold to be above 100 mm Hg PO 2 Experi- 
ments showing the effects on RMV of blocking 
the chemoreceptors do not serve to establish the 
level of activity under normal resting condi- 
tions if anesthetic agents are used, since, as 
already explained, these substances usually 
cause depression of the respiratory center so 
that some part of the drive of breathing is 
transferred to the chemoreceptors If oxygen 
lack stimulates breathing only through activa- 
tion of chemoreceptors, then depression of 
breathing should be produced as a result of 
breathing mixtures containing more oxygen 
than that found in atmospheric air Loeschcke 
(1953) reported an 8^c reduction of RMV for 
about a minute when 32^c O 2 m N 2 was substi- 
tuted for room air in unanesthetized man, and 
this was followed by a rise until equilibrium 
was reached after about 4 mm On returning to 
room air, RMV increased a little for a few 
minutes and then returned to the control level 
Dnpps and Comroe (1947), however reported 
only 3 Fc reduction m RMV caused by inhala- 
tion of 100‘^r O 2 , whereas Baker and Hitchcock 
(1947) found an increase in ventilation in re- 
sponse to 100*^7 O 2 The results cited indicate 
that if there is any drive of breathing related to 
Og-tension effects in normal subjects at sea 


level it IS so small that it can be detected only 
bv very careful measurements Furthermore, it 
is possible that even the slight increases m ven- 
tilation which have been reported are not re- 
lated to the removal of chemoreceptor drive, 
but rather to a rise in PcOg tension in the respi- 
ratory center secondarv^ to the vasoconstriction 
produced by high O 2 tension m the arterioles of 
the brain (See Kety, S S and Schmidt, C F , 
1948) 

According to studies reported by Witzleb at 
the Haldane Centenarv Symposium (Cun- 
ningham and Lloyd, 1963) in cats under chlora- 
lose-urethane anesthesia, which were artificiall> 
ventilated, excitation of chemoreceptors usually 
was apparent at an arterial P 02 tension of 
about 100 mm Unless the anesthetic agents, or 
other conditions of the experiment sensitize 
the chemoreceptors to O 2 m some way, this 
result would indicate that influences from 
chemoreceptors, thougn slight, are concerned 
in regulation of respiration, even when the O 2 
tension of arterial blood is within the range 
which occurs in a subject breathing air at sea 
level 

CHEMORECEPTORS OF THE CAROTID 
AND AORTIC BODIES 

The typical responses to significantly lowered 
oxygen tension in inspired air include 1 ) stim- 
ulation of breathing, 2) cardiac acceleration, 
and 3 ) a rise in arterial blood pressure It is 
now clear that both the stimulation of 
breathing and vasoconstriction, which in turn 
causes an increase in blood pressure, can be 
attributed to reflex effects elicited from chemo- 
receptors of the carotid and aortic bodies, 
whereas the cardiac acceleration cannot be so 
explained Several researchers have demon- 
strated by experiments employing perfusion of 
the carotid bodies, that a lowering of oxygen 
tension in them does not cause cardiac acceler- 
ation (See M deBurgh Daly and J N Scott 
in Cunningham and Lloyd, 1963 ) Actuall> , 
cardiac inhibition occurs but much of this ef- 
fect must be attributed to baroreceptor reflexes 
Since one of the changes elicited reflexly from 
the carotid bodies is vasoconstriction, the ar- 
terial blood pressure rises as a result of the in- 
creased peripheral resistance, hence if the baro- 
receptors of the carotid sinuses and aortic arch 
and their innervation are intact, reflex brady- 
cardia IS elicited However, even when the rise 
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in arterial blood pressure is buffered, lowering 
of the oxygen tension in the blood perfusing the 
carotid bodies does not elicit cardiac accelera- 
tion, provided the animal is also being artifi- 
cially respired Daly has concluded that the 
cardiac acceleration which occurs in response to 
hypoxia is secondary to the respiratory stimula- 
tion He presents evidence that the increase in 
respiratory movements reflexly elicits the accel- 
eration 

From the studies of Daly, Bernthai and oth- 
ers, it IS clear that reflex effects on heart rate 
from the carotid bodies cannot be determined, 
unless the arterial blood pressure is kept con- 
stant and artificial respiration is utilized When 
these conditions are met, a reduction in oxygen 
tension of blood perfusing the carotid body 
usually causes a moderate decrease in heart 
rate 

Sodium cyanide injected intravenously 
causes cardiovascular and respiratory changes 
similar to those occurring in response to hy- 
poxia (respiratory stimulation, increase m ar- 
terial blood pressure, cardiac acceleration) 
Since cyanide prevents the utilization of ox- 
ygen by tissues, it is possible that the mecha- 
nisms concerned in the response to it are the 
same as those involved in responses to inade- 
quate oxygen supply Also the responses to cya- 
nide (when it is introduced into the blood per- 
fusing the carotid body) are similar to those 
produced by decreasing the oxygen tension of 
the perfusing blood Several other compounds 
have been shown to have a stimulant action on 
chemoreceptors of the carotid bodies, and sev- 
eral theories have been advanced to explain 
how either oxygen lack or inability to use ox- 
ygen m the presence of an oxygen excess can be 
transduced into impulses in the afferent fibers 
which innervate chemoreceptors 

Recent work done in Anichov's laboratory, 
and other studies reviewed by him, indicate 
that widespread effects result from stimulation 
of carotid body chemoreceptors He states that 
the machinery of the “stress'’ reaction, exten- 
sively described by Selye, is set in motion, and 
that adrenocorticotropic hormone (ACTH), 
epinephrine, and norepinephrine are liberated 

Ordinarily the chemoreceptors of the aortic 
bodies (which are much less accessible and 
hence have not been studied so extensively) 
have been considered to be of the same type as 
those of the carotid bodies However, Comroe 
and Mortimer (1964) have reported that, in 
dogs, hyperpnea can be ehcited from the ca- 


rotid bodies and aortic bodies, but from the 
latter arterial hypertension and tachycardia are 
elicited The latter effect, as explained, is not 
elicited from carotid bodies 

EFFECTS OF HYDROGEN ION 
CONCENTRATION AND THE 
INTERACTIONS BETWEEN 
RESPIRATORY DRIVES 
Since changes m PCO 2 are accompanied by 
changes m pH, a question may be raised 
whether changes in hydrogen ion concentration 
as such have an influence upon breathing Gray 
(1950) has emphasized the point that m meta- 
bohc acidosis pulmonary ventilation is greatly 
increased while arterial PcOg is below normal 
Obviously then if it is true to begin with that 
only three drives (POg, PcOg, cH) operate to 
control breathing, increased acidity per se is 
capable of stimulating breathing since neither 
of the other two factors has changed in a direc- 
tion which would cause such stimulation Gray 
further states that an increase in RMV is not 
regularly associated with an increase (and m 
fact may occur m the presence of a decrease) m 
drive related to any one of the three factors 
considered to be concerned with the control of 
pulmonary ventilation, however, at least one of 
three changes must be present 1) rise in ar- 
terial PcOg, 2) decrease in arterial POg, or 5) 
increase in arterial cH It is envisaged that any 
one of these may assume the major role m 
driving respiration under certain circum- 
stances In the case of administering CO 2 the 
arterial cH increases almost linearly with the 
mcrease m arterial PcOg so that, according 
to Gray’s multiple factor theoiy, the stimula- 
tion of breathing is greater than would be pro- 
duced by either the rise in PcOg alone or the 
rise m arterial cH alone 

The evidence seems to be sufficient to estab- 
hsh that the level of pulmonary ventilation m 
subjects at rest is determined by either the ar- 
terial CO 2 tension, the arterial O 2 tension, 
the artened cH or by interaction of these three 
drives The relationship between each of these 
drives and the other two has been discussed 
at length in physiological literature Gray ad- 
vanced the hypothesis that effects of the three 
factors are simply additive, and, in Ime with this 
view he presents an equation for calculation of 
the ventilation ratio (ratio of alveolar ventilation 
under new conditions to alveolar ventilation 
under control conditions) from the changes in 
PcOa, PO 2 and cH of arterial blood 
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According to Gray’s theory if PCO 2 is lowered 
further below the level which leads to apnea 
because of lack of a CO 2 stimulus to the respi- 
ratory center, the PCO 2 effect is further sub- 
tracted Stated m another way, if breathing is 
put on an oxygen-lack drive, the lower the 
PCO 2 , the lower will be the amount of respira- 
tory stimulation because of the lesser PCO 2 ef- 
fect to be added to the oxygen-lack drive In 
experiments by Nielsen and Smith (1952) the 
alveolar PO 2 tension was maintained at con- 
stant low levels, eliciting 0 2 -lack drive, while 
the effects of adding CO 2 were tested It was 
found that CO 2 had no effect, or only a slight 
effect, on the ventilation under these condi- 
tions until a threshold value of arterial PCO 2 of 
about the same magnitude as that which causes 
initiation of breathing under normal conditions 
was reached Hence, it appears that the CO 2 
level does not at all influence the level of venti- 
lation when breathing is being maintained by 
the hypoxic stimulus Christensen (1954) com- 
ments that it is difficult to see how Gray’s mul- 
tiple factor theory can explam an unchanged 
ventilation when the alveolar and arterial PCO 2 
are changed between 21 and 33 mm Hg at a 
constant alveolar POo It seems possible that just 
as Po is not a factor m respiratory regulation 
when it IS above a certain level, Pco 2 may not be 
a factor at all when it is below a certam level 
The interaction of chemical stimuli in driving 
respiration is discussed in detail in the recent 
review by Leusen (1969) He concludes that the 
influences of PAco, and cH are additive, 
whereas the combined effects of Pa^o and PAq, 
cannot be equated to an algebraic sum of the 
effects of the two stimuli As shown by Eyza- 
guirre and Lewin (1961) and Eyzaguirre and 
Koyano (1965) the number of impulses elicited 
by a given change in PAco or in cH in the pe- 
ripheral chemoreceptors is maximal in the pres- 
ence of a low local Po, but minimal when the 
Po, IS very high, thus it appears that the effect 
of high Po IS virtually to block the stimulant 
effect of mci eased Pco, 

Immediate respiratory responses to exposure 
to a given reduction in PO 2 m inspired air are 
of lesser degree than those which are seen after 
chronic exposure Acclimatization occurs so 
that during prolonged exposure pulmonary ven- 
tilation IS increased, as indicated by a further 
lowering of the alveolar Pco 2 beyond that ob- 
served initially Rahn and Otis (1949) suggest 
that a rise in alkalinity of the blood due to de- 
creased oxyhemoglobin saturation inhibits the 


respiratory stimulation that would be expected 
to result from the decrease m POg per se Re- 
gardless of the mechanism of acclimatization 
which occurs during chronic exposure to low- 
ered PO 2 in inspired air, when it has occurred, 
there is increased pulmonary ventilation, low- 
ered alveolar Pco 2 , increased alveolar PO 2 be- 
yond that observed initially, and a lowered al- 
kali reserve During the process of acclimatiza- 
tion, alkali is removed by urinary execretion 
The pH of the blood is within the normal range 
It appears that other more complex changes in 
respiratory control are involved m the gradual 
adjustments to hypoxia For example, the al- 
veolar Pco 2 which is lowered initially maj re- 
turn to or even exceed the level in normal sub- 
jects at sea level, hence sensitivity of the regu- 
latory mechanism to CO 2 must have become re- 
adjusted In short, m acute hypoxia the CO 2 
drive may be largely or completely eliminated, 
but it must be assumed that the CO 2 drive is m 
some degree restored during acclimatization 

Other Patterns of Ventilation 

MECHANISMS OF HYPERPNEA 
DURING EXERCISE 

During exercise pulmonary ventilation in- 
creases, and the rise is proportionate to the 
amount of increase m muscular activity Since 
an increased rate of production of CO 2 and of 
acid metabolites and an increased rate of utili- 
zation of oxygen occur as a consequence of in- 
creased muscular activity, a prion it is logical 
to think that the respiratory stimulation is in- 
duced by the same three factors which are con- 
sidered to operate in the resting subject How- 
ever, a number of studies show that muscular 
exercise is not regularly associated with either a 
decrease in arterial PO 2 , or a rise in arterial 
Pco 2 or cH In individual experiments none of 
these factors shows a change dunng exercise in 
the direction needed to elicit increased respira- 
tory activity (Grodms, 1950) 

The Pco 2 of mixed venous blood is increased 
and the POj decreased during exercise, but no 
respiration-influencing receptor located on the 
venous side of the systemic circuit has been 
demonstrated (The presence of bodies similar 
to the aortic bodies around the pulmonary ar- 
tery and receiving a blood supply from it have 
been described, and if such receptors exist they 
might be expected to elicit stimulation of 
breathing during exercise ) There is evidence 
that respiration is stimulated reflexly by im- 
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pulses arising m the working muscles or the 
joints which are acted upon by these muscles 
Still another possibility is that during voluntary 
activity impulses are directed m descending 
nerve tracts into the respiratory center to exert 
a stimulant effect, but there appears to be no 
evidence that this is the mechanism (see Kao in 
Cunningham and Lloyd, 1963) In any case it 
appears that accessory respiratory drives are 
brought into play during exercise so that in- 
creased ventilation may occur even before a 
change in PcOg, PO 2 or cH have had time to 
occur at the sites upon which these stimuli act 
The factors which are concerned in the stimula- 
tion of breathing, which most respiratory phys- 
iologists believe must be present in exercise 
over and above that related to the three chem- 
ical stimuli which operate under resting condi- 
tions, are referred to by Grodins (1950) as the 
exercise stimulus It is probable that afferent 
influences from various sources are concerned 
and also that chemical excitants not yet identi- 
fied play a role 

PERIODIC BREATHING 
Under certain conditions irregular or “peri- 
odic” breathing may develop There are two 
major types Biot’s breathing and Cheyne- 
Stokes breathing In Biot’s breathing there are 
periods of variable length during which 
breathing is present, and these alternate with 
apneic periods of different lengths The transi- 
tions from the periods of activity to apnea and 
back are abrupt In contrast to this in Cheyne- 
Stokes breathing, although periods of respira- 
tory activity alternate with apneic periods, the 
amplitude of breathing increases gradually to a 
maximum and then decreases gradually until 
the next period of inactivity Biot’s breathing 
has been observed m meningitis and other 
pathological conditions affecting the medulla 
Cheyne- Stokes respiration has been observed m 
a number of different circumstances, some of 
which are pathological and some physiological 
(Fig 6 31) 
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Cheyne- Stokes breathing occurs in some 
normal subjects at moderately high altitudes, 
(for example, 12,000 to 15,000 ft ) and it may 
be seen m normal sleeping infants Experimen- 
tally, it may be produced m normal subjects 
following a prolonged period of voluntary hy- 
perventilation, and it can be produced by 
having the subject breathe deeply through a 
tube of a certain length In the latter case, the 
dead space is increased by a specific amount, 
and if there is too little or too much increase in 
dead space, Cheyne-Stokes breathing will not 
develop Several drugs, notably morphine, may 
cause the appearance of Cheyne-Stokes 
breathing The condition is commonly seen in 
persons suffering from chronic congestive heart 
failure, and in such cases the periodicity tends 
to be aggravated by sedation or during sleep 
The basis for Cheyne-Stokes breathing after 
hyperventilation seems to be that oxygen-lack 
drive appears and then is relieved several times 
before the Pco 2 finally is built back up to levels 
sufficient to drive normal respiration (see 
above) The oxygen-lack drive presumably is 
elicited reflexly from peripheral chemorecep- 
tors However, there is evidence that two or 
more types of initial defect may cause Cheyne- 
Stokes breathing For example, during periodic 
breathing there are also cyclic changes in the 
blood pressure level, and in some instances the 
rise in mean arterial blood pressure occurs 
during the phase of respiratory activity while m 
other cases the rise in blood pressure is during 
the apneic phase These two types most likely 
are related to quite different basic mechanisms 
The former has been demonstrated to occur m 
dogs having the smo-aortic baroreceptors and 
the carotid and aortic bodies denervated or 
isolated (Youmans and Schopp, 1957) hence, 
chemoreceptive drive could not have been a 
factor It IS still probable, however, that the 
other type of periodicity is dependent upon a 
seesawing between reflex and central drives 

Guyton et al (1956) have described experi- 
ments in which Cheyne-Stokes breathing was 
produced if the time required for blood to flow 
from the heart to the brain was prolonged by 
increasing the length of the channels Since cir- 
culation time IS increased in chronic heart fail- 
ure, this may be the change that leads to peri- 
odic breathing m patients suffering from this 
condition 

Eyster (1906) produced periodic breathing m 
dogs by elevating the intracranial pressure His 
records show that breathing occurred when 
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blood pressure rose above the level of the intra- 
cranial pressure, and apnea was present when 
the pressure was below this level In clinical 
cases with increased intracranial pressure, 
Eyster observed the same pattern of cyclic 
changes in respiration and blood pressure as 
that produced experimentally m dogs 

DYSPMEA 

Dyspnea literally means difficult breathing 
When the respirations cannot be carried out 
with ease and practically unconsciously, the 
individual is said to be dyspneic The term 
therefore implies a subjective element Dyspnea 
thus differs from hyperpnea The latter term 
means simply increased pulmonary ventilation, 
and this may occur quite unconsciously or if the 
subject IS aware of the augmentation of the 
breathing, there is not necessarily any sensation 
of difficulty or distress When the hyperpnea 
becomes extreme and yet leaves the need for 
which it has been instituted unsatisfied, dis- 
comfort or distress is experienced, and the term 
dyspnea is applicable Meakms offers the fol- 
lowing concise definition ‘‘Dyspnea is the con- 
sciousness of the necessity for increased respira- 
tory effort ” 

Since the respiratory and circulatory func- 
tions are directed toward the acquisition of 
oxygen and the elimination of carbon dioxide, 
dyspnea may result if either of these functions 
be disturbed to such an extent that the normal 
gaseous exchanges cannot be accomplished On 
the other hand, the oxygen requirement and 
the carbon dioxide production may be so great 
that the normal respiratory and circulatory 
mechanisms find difficulty in meeting the 
demands of the moment Or again the supply 
of oxygen itself may be inadequate as a result 
of a low oxygen tension in the atmosphere (eg, 
high altitudes) In considering the causes of 
dyspnea we must, therefore, in many instances 
look beyond the lungs themselves 

The fundamental or immediate causes of 
dyspnea can m most instances be reduced to 
the following categories 1) Stimulation of the 
respiratory center either a) reflexly from the 
peripheral chemoreceptors (anoxia or increase 
m H-ion concentration due to fixed acids), b) 
directly, by CO 2 excess, c) a combination of a 
and h as in asphyxial states, or d) by impulses 
from cerebral centers or by afferent impulses, 
especially of a painful character, from abdom- 
inal or peripheral regions 2) Hypersensitivity 
of the Hering-Breuer reflex, thus bringing 


about earlier inhibition of the inspiratory phase 
and causing, as a consequence, a more rapid 
shallow type of breathing 

The abnormal conditions chiefly associated 
with dyspnea are 

1) Prevention of adequate oxygenation of the 
blood in the lungs (arterial hypoxia, chap 5) 

2) Interference with the transport of the re- 
spiratory gases Anoxia of the hypokinetic or 
anemic type a) slowing of the circulation as in 
cardiac failure, h) severe anemia, breathlessness 
chiefly on exertion 

3) Restriction of the action of the diaphragm 
or mtercostals 

4) Acidosis, reduced alkali reserve or reten- 
tion of CO 2 

5) Increased metabolism 

6) Nervous conditions, e g , emotional dis- 
turbance, neurasthenia, hysteria, encephalitis, 
or the direct stimulation of the respiratory 
center by cerebral tumor, hemorrhage or 
edema 

Dyspnea Due to Pulmonary Diseases. Dys- 
pnea is a feature of various respiratory diseases 
as follows 

1) In some instances, e g , laryngeal or 
bronchial obstruction and asthma, the dyspnea 
is due to a combination of anoxia and CO 2 re- 
tention 

2) In other instances owing to the reduced 
distensibility of the lungs resulting from 
edema, congestion, inflammation, fibrosis, etc 
the Hering-Breuer reflex is thought to be ab- 
normally sensitive 

3) Limitation of the movements of the dia- 
phragm and chest wall In emphysema, for 
example, owing to the loss of lung elasticity the 
resting position of the chest is one of nearly full 
inspiration The diaphragm is fixed and the 
thorax elevated Any further enlargement of the 
chest entails unusual effort on the part of the 
intercostal muscles (see also chap 3) and the 
enhstment of the accessory muscles of respira- 
tion Expiration involves active contraction of 
the expiratory muscles 

Cardiac Dyspnea. Dyspnea upon exertion 
IS a symptom in patients having certain chronic 
pulmonary and heart lesions, e g , mitral steno- 
sis Stimulation of the carotid and aortic bodies 
by oxygen want or of the respiratory center by 
carbon dioxide excess probably is not in most 
cases responsible for the dyspnea, since the 
oxygen saturation of the arterial blood may not 
be reduced to any important degree, and the 
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carbon dioxide tension is within or even below 
the normal range, and cardiac output may be 
normal Pulmonary engorgement leading to 
diminished distensibility of the lung is consid- 
ered to be the prime cause of cardiac dyspnea 
Although the reduction in the vital capacity 
may be roughly proportional to the dyspnea, 
the two do not bear the relationship of cause 
and effect Due, however, to the diminished 
distensibility — the stiffness of the lung — a 
greater inspiratory effort is expended in 
breathing the extra volume of air which the 
muscular exertion demands The recoil of the 
lung is also moderately reduced so that expira- 
tion instead of being a passive act may require 
the aid of the contraction of expiratory muscles 
The intrapleural pressure, therefore, instead of 
remaining “negative” throughout the respira- 
tory cycle may become positive toward the end 
of expiration (Christie and Meakins, 1934) The 
reduced distensibility possibly also has the ef- 
fect, as already mentioned, of increasing the 
sensitivity of the Hermg-Breuer reflex with the 
production of shallow breathing 

When pulmonary edema supervenes in pa- 
tients with congestive heart failure, mterfer- 
ence with the uptake of oxygen and the produc- 
tion of arterial hypoxia (stimulation of carotid 
body) may possibly be a factor Hindrance to 
the absorption of oxygen, caused by the pres- 
ence of exudate in the alveoli and the edema- 
tous swelling of the alveolar walls, is accompa- 
nied by httle or no interference with the elimi- 
nation of carbon dioxide, this is probably due 
in part to the much greater solubility of carbon 
dioxide than of oxygen and, in consequence, to 
the freer diffusion of the former gas through the 
edema fluid In congestive heart failure arterial 
hypoxia with a normal or even a subnormal 
carbon dioxide content of the arterial blood 
may exist, even m the absence of pulmonary 
edema 

Experimental support can be cited for the 
view that reduced distensibility of the lungs as 
a result of congestion is an important factor in 
cardiac dyspnea It has been mentioned else- 
where (Chap 6) that distension of the pulmo- 
nary bed causes rapid shallow breathing 

Though there is much to be said for the re- 
flex origin of cardiac dyspnea, not all are 
agreed as to its paramount importance. An- 
other possibility IS that the hyperpnea and 
dyspnea of the cardiac patient during rest are 
due to reduced blood flow through the respira- 
tory wnter, resulting in a high CO 2 tension. 


and possibly to the accumulation of acid prod- 
ucts of its own metabolism 

Orthopnea In congestive heart failure with 
dyspnea at rest the breathlessness is usualh 
more pronounced m the recumbent than in the 
sitting position When propped up with pillows, 
the patient may be comfortable but becomes 
dyspneic when he lies down Many theories 
have been advanced m attempts to explain the 
less difficult breathing in the upright position 
Among these are 

a) removal of the weight of the abdominal 
viscera which interferes with the descent of the 
diaphragm m the recumbent position, b) reduc- 
tion in the intracranial venous pressure and the 
improved draining of blood from the medulla 
and in consequence, augmentation of the flow 
through the respiratory center, c) draining of 
blood from the pulmonary circuit This is prob- 
ably the most important factor The vital ca- 
pacity is less m the recumbent than in the sit- 
ting posture This is true even for the normal 
person, but m cardiac cases the effect is accen- 
tuated by the pulmonary vascular engorgement 
and decreased distensibility of the lung in- 
duced by recumbency 

Cardiac Asthma (Paroxysmal Nocturnal 
Dyspnea) In some patients with severe chronic 
congestive heart failure acute dyspnea which 
may terminate in pulmonary edema comes on 
during the night The patient has a feeling of 
suffocation He assumes the upright position 
and may go to the window for air These at- 
tacks are related to excessive engorgement of 
the lungs with blood so that pulmonary capil- 
lary pressure rises to the point of producmg 
transudation into the alveoli As indicated 
above, the volume of blood in the lungs in- 
creases when one changes from the upright to 
the recumbent position Patients with chronic 
heart failure already have an elevated venous 
pressure which increases further when they re- 
cline The key question is with regard to the fact 
that paroxysmal nocturnal dyspnea comes on 
after a delay usually of several hours since the 
effects of changing from the upright to the re- 
cumbent position insofar as they are related to 
gravity might be expected to occur within sec- 
onds or minutes. The clue to this problem 
probably is provided m the observation that 
edema fluid m patients with congestive heart 
failure is transferred from the mterstitial spaces 
into the blood, and a rise m blood volume oc- 
curs slowly during the night. This leads to a 
further elevation of venous and pulmonary cap- 
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illary pressure The paroxysm could be set off 
in two ways The pressure in the pulmonary 
capillaries could rise to the point of producing 
transudation and hence impairment of ex- 
change of O 2 and CO 2 On the other hand, the 
venous pressure might reach the critical level at 
which overdistention of the heart would result 
in a decrease in the output of the heart Once 
this occurs a vicious cycle is produced de- 
creased output leads to further elevation of 
venous pressure, and elevation of venous pres- 
sure leads to further overdistention of the heart 
and decreased output In either case the change 
to the orthostatic position would be beneficial 
m that the blood would tend to remain in the 
dependent part of the body and thus decrease 
the volume and pressure of blood in the heart 
and lungs Also, it should be noted that acute 
cardiac decompensation, produced by ex- 
ceeding the critical pressure on the curve which 
relates cardiac output to venous pressure, leads 
to a rise m pulmonary capillary pressure and 
hence to acute pulmonary edema 
Anemia. The anemic subject at rest typi- 
cally IS not dyspneic The hemoglobin, though 
reduced in amount, becomes saturated with 
oxygen in the lungs The oxygen tension and 
consequently the quantity of the gas in simple 
solution in the arterial blood are normal The 
arterial blood of a patient whose hemoglobin 
IS 30% of the normal value will, however, con- 
tain only a little over 6 volumes % of oxygen 
In the healthy resting body the blood in its 
passage through the capillaries gives up about 
5 volumes % If the velocity of blood flow 
through the tissues in anemia were the same 
as during health, a unit volume of blood would 
tend to give up an equivalent amount of oxygen 
If this occurred there would be a reserve of 
only 1 volume %, 1 e , the venous blood would 
be almost completely reduced, and the tissues 
including the carotid and aortic bodies, would 
suffer at all times from anoxia The circulation 
rate (cardiac output) is, however, increased in 
severe anemia so that each unit of blood gives 
up a smaller proportion than that of its oxygen 
load The chemoreceptors apparently are not 
stimulated, and the patient is not dyspneic 
while resting, even though his hemoglobin is 
greatly reduced Not only is the output of the 
heart increased, but a redistribution of the 
blood flow occurs The vessels of the skin are 
constricted, and a greater proportion of the 
total blood volume is driven through other re- 
gions The extent to which the circulatory read- 


justments can compensate for the blood defect 
IS limited, therefore during exertion the extra 
demand for oxygen cannot be met Oxygen 
want follows, the respiratory mechanism is 
stimulated, hyperpnea and dyspnea result 

It is to be remembered that m anemia the 
carriage of carbon dioxide may also be inter- 
fered with since hemoglobin plays an important 
role in the transport ot this gas (see sect 4, 
chap 1) 

Increased Metabolism. Exercise may bring 
about a great increase of metabolism Reflexes 
initiated in the active muscles and possibly the 
irradiation of impulses from the motor cortex 
are thought to play an important part in the hy- 
perpnea of exercise (p 6-57) As the seventy of 
the exercise is increased, hyperpnea merges 
into dyspnea The athlete and the untrained 
person differ widely m respect to the degree of 
muscular exertion which will produce this phys- 
iological type of dyspnea The difference de- 
pends upon the following factors 

Vital Capacity In the average normal man 
the pulmonary ventilation increases from four 
to five-fold before the dyspneic point is 
reached The athlete on the other hand, since 
his vital capacity is greater, shows a corre- 
spondingly greater increase in his pulmonary 
ventilation before dyspnea supervenes The ex- 
istence of any pulmonary condition which re- 
duces the vital capacity will depress the level of 
the dyspneic point 

Circulation Rate The trained man’s circula- 
tion rate increases to a greater degree than the 
untrained, and so more oxygen is delivered to 
his tissues 

Neuromuscular Integration Coordination of 
the several muscles m a given muscular act is 
more precise in the trained than in the un- 
trained man There is thus less waste of effort 
In the performance of a given amount of work, 
therefore, the untrained man consumes a 
greater volume of oxygen, 1 e , he is a less effi- 
cient machine 

A pathological increase in metabolism, e g , 
hyperthyroidism, fever, etc , does not, m the 
absence of some respiratory or circulatory ab- 
normality, cause dyspnea during rest The in- 
crease in metabolism would need to be around 
300% before dyspnea might be expected to 
occur and such a metabolic level is never 
reached in these or any other pathological con- 
dition Nevertheless, m hyperthyroidism, 
dyspnea will follow upon a degree of exertion 
which would cause no distress in a healthy per- 
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son, for the greater metabolic rate, due to the 
disease, added to that of the exercise will in- 
crease the metabolism sufficiently to raise the 
pulmonary ventilation above the dyspneic 
point The dyspnea of hyperthyroidism, when 
pulmonar} and cardiovascular complications 
are absent, therefore, is like that of anemia, in 
that it IS evident only upon exertion 
Acidosis. The importance of pulmonary 
ventilation in resisting a rise in the hydrogen 
ion concentration of the body fluids has been 
dealt with elsewhere (Sect 4 , chap 11 ) Non- 
volatile acids, e g , lactic in muscular exercise, 
^-hydroxybutyric and acetoacetic acids in dia- 
betes, and retained acids in nephritis, react 
with bicarbonate The alkali reserve becomes 
reduced, but the ratio, 

H,CO, _ 1 
NaHCOj 20 

IS maintained through the stimulating effect of 
CO 2 upon the respiratory center It is thus that 
the CO 2 of the alveolar air (and so of the ar- 
terial blood) IS kept at a level proportional to 
the reduction in the denominator of the equa- 
tion When this can no longer be effected, i e , 
when the hydrogen ion concentration of the 
blood rises, the acidosis being then uncompen- 
sated, the center is stimulated both directly 


and through reflexes initiated from peripheral 
chemoreceptors 

The production of fixed acids in diseased 
conditions rarely causes such a high degree of 
hyperpnea that dyspnea results, unless the cir- 
culatory and respiratory mechanisms are verv 
inefficient or the metabolic rate is increased 
According to Means the “alkali reserve” must 
drop to around 12 volumes C before dvspnea 
supervenes as a result of the acidosis itself In 
milder grades of acidosis, however, dyspnea 
occurs upon exertion The hyperpnea due to the 
increased metabolism of the exercise is then 
added to that due to the acidosis, with the re- 
sult that the dyspneic point is soon reached 

In severe diabetic acidosis air hunger, or 
Kussmaul breathing, may be seen in the coma- 
tose patient 

Carbon dioxide retention may, as in emphv- 
sema, be accompanied by a compensatory' rise 
m bicarbonate and a normal blood reaction 
(compensated CO 2 excess), dyspnea is not a 
notable feature m this condition In other in- 
stances of CO 2 retention, compensation is in- 
complete (uncompensated CO 2 excess or gas- 
eous acidosis) and dyspnea results In others, 
again, the CO 2 retention is due to the depres- 
sion of the respiratory center itself, as m mor 
phine narcosis, in such instances, although 
compensation is incomplete, dvspnea of course 
does not occur 



&/ HYPOXIA, ASPHYXIA, DYSBARISM, 
OXYGEN THERAPY, AND RESUSCITATION 


Types of Hypoxia 

The terms hypoxia and anoxia are synony- 
mous, although the former etymologically is 
more suitable Both terms are m common use 
and will be used interchangeably m the fol- 
lowing discussion The most useful definition of 
hypoxia is that it refers to any condition in 
which there is an inadequate supply of oxygen 
to the tissues According to this definition it is 
synonymous with oxygen lack or oxygen want 
Upon the basis of three quite different catego- 
ries of causes Barcroft classified anoxia into 
anoxic, anemic, and stagnant types The cate- 
gories described by him still need to be differ- 
entiated, but changes in the names of two of 
them seem to be preferable A fourth type, 
caused by cyanide (p 6-78) and known as his- 
totoxic anoxia, was added by Peters and Van 
Slyke, however, there is no oxygen lack in this 
case, but rather inability of the cells to utilize 
the oxygen brought to them, with the result 
that oxygen tension of the tissues is actually 
elevated Hence, it would seem to be preferable 
not to classify cyanide poisoning as a form of 
hypoxia For reasons which will become ap- 
parent in the subsequent discussion arterial 
hypoxia is preferable to anoxic anoxia in Bar- 
croft’s classification, and hypokinetic hypoxia is 
a better term for stagnant anoxia The three 
major types of oxygen lack, together with the 
principal causes of each are listed below Also, it 
should be realized that two or more of these 
types or causes can be present simultaneously, 
and each type may be either acute or chronic 

OXYGEN LACK 

MAJOR TYPES AND CAUSES 

Arterial Hypoxia. Arterial hypoxia is char- 
actenzed by a lower than normal Po^ m arterial 
blood (Oxygen capacity of blood and rate of 
blood flow are normal or elevated) 

A Low P 02 in inspired air 
1 Altitude 


2 Breathing in closed space ^ 

3 Breathing artificial gas mixture contain- 

ing lower PO 2 than that found in 
atmospheric air 

B Decreased pulmonary ventilation 

1 Airway obstruction ^ 

2 Weakness or paralysis of respiratory 
muscles ^ 

3 Depression of respiratory center by 
drugs ^ 

4 Pneumothorax 

C Inadequate oxygenation m (abnormal) lungs 

1 Poor mixing ^ 

2 Impaired diffusion (aheolar-capillary 
block) 

3 Bronchiolar constriction (asthma) ^ 

4 Filling of alveoli with fluid Pulmonary 
edema, pneumonia, pulmonary hemor- 
rhage, drowning ^ 

D Venous-arterial shunts Various types of 
cardiac or vascular abnormalities in which 
unoxygenated blood is mixed with oxy- 
genated blood 

Anemic Hypoxia. Anemic hypoxia is char- 
acterized by a lowered oxygen capacity of the 
blood (The P 02 of arterial blood and rate of 
blood flow are normal or elevated) 

A Less than normal hemoglobin content Ane- 
mias of all types 

B Hemoglobin combined with something 
other than oxygen, e g , carbon monoxide 
C Hemoglobin altered so that it cannot com- 
bine with O 2 Methemoglobin found after 
poisoning with chlorates, nitrites, ferncya- 
nides, acetanilid, etc 

Hypokinetic Hypoxia. Hypokinetic hypoxia 
IS characterized by a decreased rate of blood 
flow 

A Generalized Congestive heart failure, hem- 
orrhage, shock, etc 

B Localized Vasospasm, thrombosis, embolus 
^ Arterial PcOg is increased 
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Some confusion has arisen m the use of the 
term anoxemia In some of the medical diction- 
aries and textbooks it is defined as synonymous 
with arterial hypoxia while some authors 
(Comroe and Dripps, 1950) use it as referring 
to a diminution of oxygen in the blood whether 
it be related to decreased POg or decreased 
hemoglobin 

Comroe (1965) and Lambertsen (1968) be- 
lieve that the designation of another type of 
tissue anoxia as overutilization anoxia is needed 
This is to refer to a decrease m POg in tissues 
related to increased utilization of oxygen by the 
tissue, as m severe muscular exercise Also 
Lambertsen (1968) suggests the name “hypo- 
tonic anoxemia” for arterial anoxia and “iso- 
tonic anoxemia” for anemic anoxia 

Asph 3 ^ia. Asphyxia refers to conditions in 
which hypoxia is combined with hypercapnia — 
an increased COg tension in the arterial blood 
and hence m the tissues also It will be noted 
that a number of the causes of arterial hypoxia 
also lead to hypercapnia, while m some cases, 
notably at altitude, hypercapnia is not a factor 
The opposite change, a lowered COg in the 
body, IS referred to as hypocapnia or acapnia 
The reactions in asphyxia are related to effects 
of decreased arterial and tissue POg and in- 
creased arterial and tissue PcOg Asphyxia of 
some degree is present in a number of those 
conditions listed in the classification of causes 
of oxygen lack, since elimination of COg, as 
well as uptake of oxygen, is impaired Respira- 
tory stimulation and dyspnea are prominent, 
and the stimulation is derived from both the 
lowered POg and increased PcOg Cyanosis, 
being related to the presence of an increased 
amount of reduced hemoglobin in the blood in 
the cutaneous capillaries (p 6-78), also is char- 
acteristic of asphyxial states as well as those in 
which arterial anoxia is present without h3q5er- 
capnia Blood pressure tends to be elevated due 
to the stimulant action of COg on the vasocon- 
strictor center, except m the terminal stages 
Chronic adjustments to asphyxia include the 
increase in erythrocyte count, hematocrit, he- 
moglobin, and oxygen capacity of the blood, 
which are induced by the lowered POg tension, 
and renal excretion of acid to compensate for 
the rise in cH produced by retention of COg 

TENSIONS AND VOLUMES PER CENT OF 
OXYGEN IN THE BLOOD IN HYPOXIA 

In the arterial type of hypoxia both the POg 
and the volumes per cent of Og are lowered 


The blood has a normal or elevated Og capacit\ 
(20 volumes C or more), but it is not exposed to 
POg which is high enough to produce the usual 
degree of saturation (95 -f L) However, even 
though the blood is carrying less than a foil 
load of Og, when it reaches the capillaries in 
tissues which are functioning at a lower than 
normal oxygen tension it may unload as much 
oxygen/100 ml of blood as occurs normally 
That is, normally about 20 volumes C would be 
present in the arterial blood and 15 volumes b 
in mixed venous blood, while in arterial hy- 
poxia arterial blood capable of holding 20 vol- 
umes L might actually contain 15 and give off 
5 so that the mixed venous blood would contain 
only 10 volumes In the latter case SO'^c desat- 
uration of hemoglobm would be produced at 
the tissue level as compared with 25 m the 
normal 

In hypokinetic hypoxia both the POg and vol- 
umes per cent of Og in the arterial blood are 
normal, however, as the blood flow through the 
tissues is slower than m the normal state and 
the cells continue to use oxygen at an essen- 
tially normal rate, the POg in the tissues be- 
comes lowered, and this causes the unloading 
of more Og per unit volume of blood flowing 
through the tissues In very active tissues which 
are subjected to a severely deficient blood flow, 
virtually all of the oxygen m the blood deliv- 
ered to the tissue may be extracted This indi- 
cates that the POg in such tissues approaches 
zero Such a situation can not exist for more 
than a very short time before damage to the 
tissnae results 

Hypokinetic h 5 rpoxia may be generalized as 
in conditions in which the cardiac output is 
significantly reduced below the level which 
would be present in a normal subject under 
similar circumstances On the other hand a lo- 
calized reduction in blood flow may occur in 
specific tissues or organs and lead to reduction 
in or losses of functions of the involved organ 
Myocardial infarction, however, is an example 
of localized hypoxia resulting in loss of a func- 
tion which leads to generalized hypoxia and 
worsening of the hypoxia in the myocardium 

In anemic h 3 T)oxia the arterial POg is normal 
so that saturation of hemoglobin approaches 
lOO/o, but the volumes per cent of Og carried is 
reduced in proportion to the reduction in the 
amount of hemoglobin Hence, if blood carry- 
ing, for example, 10 volumes % of Og at foil 
saturation of the hemoglobm gives up 5 vol- 
umes *^r/100 ml of blood flowing through the 
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tissues, it IS apparent that the 0 2 m the tissues 
IS so low as to cause 50 desaturation Again 
this is to be contrasted with the normal state in 
which, on the average, only about 25?c desatu- 
ration occurs as blood flows through the tissues 

Arterial Hypoxoa at Aititude 

Arterial hypoxia, uncomplicated by hyper- 
capnia, IS observed in individuals breathing air 
at high altitudes or in decompression chambers 
Knowledge of both the acute and chronic ad- 
justments to altitude is of great interest since 
man ascends rapidly in airplanes or resides for 
years at levels of 15,000 to 18,000 ft 

The per cent composition of atmospheric air 
IS the same at altitude as at sea level But the 
barometric pressure decreases with altitude It 
IS noteworthy that at an altitude of 18,000 ft 
the barometric pressure is about 380 mm Hg or 
one-half of that at sea level The oxygen ten- 
sion, therefore, is diminished to one -half of 
that at sea level, since the PO 2 at any altitude is 
calculated by multiplying the barometric pres- 
sure by 0 2094 Thus, a second vertical scale 
showing oxygen tension could be derived sim- 
ply by multiplying each of the figures m the 
barometric pressure scale by 0 2094 

At altitude as one breathes air containing a 
lower PO 2 than that of air at sea level the al- 
veolar PO 2 becomes lowered The decrease in 
alveolar PO 2 at altitude if severe enough is 
counteracted in part by an increase in pulmo- 
nary ventilation, although this response is not 
as prominent immediately as it is after some 
delay 

Conditions at altitude can be simulated in an 
air tight chamber from which the air has been 
partially evacuated At a given barometric pres- 
sure a certain altitude is simulated as far as gas 
tensions are concerned Chambers have been 
constructed in such a way that they may be 
very rapidly, 1 e , explosively, decompressed 
and the reactions of the subject followed from 
moment to moment. During acute exposure to 
simulated altitude, produced by rapid decom- 
pression of a chamber containing the subject, 
alveolar ventilation is increased so that alveolar 
PCO 2 is lowered, and the amount of decrease is 
proportional to the reduction m ambient pres- 
sure (increase in altitude) For example, shortly 
after decompression to a simulated altitude of 
18,(X)0 ft the alveolar PcOg is in the range of 27 
ifc 2 mm Hg, and the alveolar P 02 is in the 
range of 42 dr 3 mm Hg The alveolar PO 2 is 


less than half that found at sea level At this 
point it should be noted that the water vapor 
tension in alveolar air, being determined by 
body temperature which is constant, remains at 
47 mm Hg at all altitudes, and when expressed 
in terms of percentage, it increases in direct 
proportion to the decrease in total pressure m 
the alveoli For example, at sea level the per- 
centage of water vapor is 47/760 X 100 whereas 
at 18,000 ft it IS 47/380 X 100 At an altitude 
where the barometric pressure is only 74 mm 
Hg, water boils at body temperature and the 
alveoli are filled with water vapor 

Immediately after sudden exposure to alti- 
tude, respiratory adjustments occur, however, 
conditions continue to change from one 5-mm 
period to the next for a period of 30 to 60 mm 
(Riley, Otis, and Houston, 1954) Some of the 
bases for these changes already have been dis- 
cussed 

The immediate circulatory adjustments to 
acute arterial hypoxia are an increase m heart 
rate and blood pressure, the cyanosis that ap- 
pears is a result of an increase in the amount 
of reduced hemoglobin in arterial blood The 
amount of desaturation can be estimated from 
the alveolar POg and the oxygen-hemoglobin 
dissociation curve 

In the normal subject breathing air (about 
21% O 2 ) about 9b% saturation of the hemo- 
globin of arterial blood with oxygen is attained 
In a person breathing air at any given altitude 
somewhat less than 957c saturation would occur 
but might be achieved if the O 2 percentage m 
inspired air were increased sufficiently It is 
found that at 18,CX)0 ft it would be necessary to 
breathe about 45 O 2 m order to attain 95*^ c 
saturation, and at about 34,000 ft , 100‘^c O 2 is 
needed It follows that at altitudes higher than 
34,000 ft some degree of arterial hypoxia will 
occur even when the subject breathes pure O 2 , 
and at very high altitudes intolerable degrees of 
oxygen lack would be experienced even when 
breathing 1007c O 2 The limit at which aviators 
can fly in nonpressunzed cabins breathing 
1007c O 2 IS in the range of 40,000 to 45,000 ft 
Above this level cabms containing gases under 
pressures higher than that of the ambient air 
are required 

Several mountain climbing expeditions have been 
made in the past by different groups of physiologists 
for the purpose of stud 3 nng the effects of low oxygen 
tensions upon the respiratory functions and of deter- 
mining the factors underlying the phenomenon of ac- 
climatization An expedition was made to Monte 
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Rosa (15,000 ft ) m 1894 by Mosso and by others sub- 
sequently, to the peak of Tenenfte (12,000 ft ) in 1910 
by Zuntz, Barcroft, and associates, and in 1911 to 
Pike’s Peak (14,100 ft ) by the Anglo-American expe- 
ditions of which Haldane, Douglas, Henderson, and 
Schneider were members In 1921 to 1922 Barcroft 
headed a party to Cerro de Pasco (14,200 ft) m the 
Peruvian Andes A Himalayan expedition was led by 
Hartman m 1931, and m 1935 Dill led a party to the 
Chilean Andes Pugh (1957) reported observations 
made on Mt Everest during the successful British 
expedition of 1952 

GENERAL SIGNS AND SYMPTOMS 

Airplane ascents, if made rapidly without the 
use of oxygen, may result in sudden loss of con- 
sciousness due to the reduction in oxygen 
supply to the brain When the ascent is made 
more slowly, or the altitude is not so great as to 
cause immediate loss of consciousness, the 
aviator may at first experience sensations of 
excitement, exhilaration and well being As 
higher altitudes are reached effects of a more 
serious nature develop, often insidiously 
Mental and sensory dullness, muscular weak- 
ness, headache, vomiting, cyanosis, dyspnea, 
and perhaps a tendency toward periodic 
breathing may be induced A common and 
dangerous effect is the development of fixed 
ideas which may result in the performance of 
foolhardy and ill-judged actions 

When a person climbs to a mountain height, 
the time taken m the journey allows a certain 
degree of physiological readjustment to take 
place, and the S 3 nnptoms are usually less in- 
tense But, as in the case of the aviator, mental 
features, e g , a feeling of elation, exhilaration, 
talkativeness, and sometimes emotional out- 
bursts, laughing or crying, quarrelsomeness, or 
the development of fixed ideas are prominent 
Mental tasks, e g , calculations, memory tests, 
and telling the time from the mirror image of a 
clock face are performed less efficiently Sim- 
ilar effects upon the mind are produced upon 
persons exposed to low oxygen pressures within 
a steel cabinet The mental effects as pointed 
out by Barcroft are not unlike those caused by 
drunkenness To quote his words, 

'‘Alcohol affects different persons m different 
ways, so on my journeymgs in high altitudes I have 
seen most of the symptoms of alcoholism repro- 
duced I have seen men vomit, I have seen them quar- 
rel, I have seen them become reckless, I have seen 
them become morose I have seen one of the most 
disciphned of men fling his arms about on the ledge 


of a crevasse to the great embarassment of the guide 
I have seen the most loyal companion become ill-tem 
pered and abusive to the point at which I feared in 
ternational complications would anse ’’—Lessons 
from High Altitudes 

Complete prostration may follow the earlier 
symptoms If the individual remains at the high 
altitude the symptoms pass off after a time, as 
he becomes acclimatized to the low oxygen ten 
Sion 

At a simulated altitude of about 20,000 ft 
(i e , in a decompression chamber) most sub- 
jects experience failing vision, incoordinations, 
and inability to write or to execute simple 
mental tasks within 15 min or so after the 
extra oxygen supply has been cut off, at 26,000 
ft none are able to retain “effective conscious- 
ness” for this length of time without oxygen 

CHANGES ASSOCIATED WITH 
ACCLIMATIZATION 

At an altitude of 14,200 ft as at Cerro de 
Pasco where Barcroft and his party earned out 
their investigations, the barometric pressure is 
around 440 mm Hg The partial pressure of 
oxygen is therefore about 92 mm Hg The ox- 
ygen tension of the alveolar air is not as far 
below that of the atmosphere as at sea level, 
and varied among the greater number of the 
party from 55 to 60 mm Hg The closer ap- 
proximation of the atmospheric and alveolar 
oxygen tensions at high altitudes is due to the 
increased breathing which is brought about 
through the action of the lowered oxygen ten- 
sion in the blood The oxygen tension is slightly 
lower m the arterial blood than in the alveolar 
air which indicates that the passage of the gas 
IS due purely to diffusion and not to an active 
secretion by the pulmonary epithelium If this 
occurred, as had been suggested (Haldane), one 
would expect the arterial oxygen tension to be 
higher than that of the alveolar air Alveolar 
carbon dioxide tension also, as a result of the 
increased pulmonary ventilation, is lower than 
that at sea level, it varied m different individ- 
uals of Barcroft ’s party from 23 to 29 mm Hg 
At 14,200 ft the arterial blood is from 85 to 
88% saturated with oxygen 

A marked increase in the number of red cells 
(see sect 4, chap 3) and a corresponding in- 
crease in hemoglobin content of the blood occur 
at high altitudes The blood volume is also aug- 
mented The natives of mountainous regions 
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have a red ceil count of from 6 to 8 million/mm^ 
The greater quantity of hemoglobin of course 
raises the oxygen capacity of the blood and so 
tends to compensate for its lowered oxygen sat- 
uration That IS, the total oxygen content of the 
arterial blood tends m spite of the low satura- 
tion to rise Nevertheless, it may not be evident 
at first sight how a rise m the oxygen capacity 
IS of advantage, for blood of normal hemo- 
globin content even when only 80*^ c saturated 
possesses a quantity of oxygen which is quite 
adequate for the needs of the tissues It has al- 
ready been pointed out, however, that the im- 
portant factor m supplying the tissues is the 
oxygen pressure gradient between the plasma 
m the capillaries and the tissue cells So then, 
if there are a greater number of red cells, each 
will be required to give up less of its oxygen 
store m passing through the capillaries to fur- 
nish a given quantity of oxygen (see anoxia due 
to anemia, p 6-80) Consequently, the satura- 
tion and the oxygen tension of the venous blood 
will be maintamed at a higher level than other- 
wise would be possible This means that the 
mean mtracapiUary oxygen pressure will also be 
higher, and as a result the tissues are more 
effectively supplied with oxygen 
The reduction in the alveolar carbon dioxide 
results in a corresponding decrease in the 
carbon dioxide tension of the arterial blood 
The ratio HaCOg/NaHCOg, which tends to be 
altered by the loss of carbon dioxide, is ad- 
justed by a decrease in the excretion of acid 
and ammonia m the urine, a consequent low- 
ering of the “alkali reserve” and depression of 
the CO 2 dissociation curve (p 6-15) The actual 
pH of the plasma changes little if at all Up to 
about 12,000 ft if any change occurs it is to- 
ward the alkaline side, above this level the 
blood reaction shows little farther change or 
tends to return to normal Lactic acid, which 
was thought at one time to be produced in ex- 
cess as a result of the anoxia, is actually formed 
in smaller amounts at high altitudes than at sea 
level Even during severe exercise at 15,000 ft 
and higher altitudes, the lactic acid concentra- 
tion in the blood is lower than during exercise 
of comparable severity at sea level 
Barcroft and his party observed a shift to the 
left in the oxygen dissociation curve of hemo- 
globin, 1 e , the affinity of hemoglobin for ox- 
ygen was increased The shift in the dissocia- 
tion curve is ascribed by Barcroft to an in- 
creased alkalimty of the interior of the red cell 


This increased alkalinity is m turn a direct re- 
sult of the rise in the number of red cells The 
buffering power of the blood is increased 
through the greater facility offered for the ac- 
tion of the 'chloride shift” mechanism (pp 
6-11 and 6-18) In other words when a given 
amount of carbon dioxide is liberated by the 
tissues, it IS distributed among a greater number 
of red cells than under normal circumstances, 
therefore, the alkalinity of each cell is reduced 
to a proportionately less extent There have 
been conflicting reports concerning this question 
of the shift in the oxygen dissociation curve 
Some observers have been unable to confirm 
Barcroft ’s finding, while others claim that a 
shift to the right occurs It appears that up to 
about 14,000 ft the affinity of hemoglobin for 
oxygen increases, but at higher levels the dis- 
sociation curve tends to assume the form found 
at sea level, and at altitudes of 19,000 ft there is 
a definite shift to the right 

One might suppose thc*t an increased circulation 
rate would be an important adjustment to the rare 
fied atmosphere, whereby an adequate oxvgen supply 
to the tissues would be maintamed, but except for a 
temporary increase during the first few da>s, no 
change in cardiac output occurs at altitudes of less 
than 14,000 or 15,000 ft Above 15,000 ft the greater 
degree of anoxia results m an increase in the minute 
output of the heart Before acclimatization, the pulse 
rate during rest increases by from 15 to 20 beats/mm 
at altitudes between 15,000 and 18,000 ft At greater 
altitudes, especially in persons in poor physical condi- 
tion, the increase in rate may be greater than in the 
normal The blood pressure shows little or no change 
up to 15,000 ft , a small rise may occur at higher alti- 
tudes 

Those who have lived all their lives at very high 
altitudes (around 14,000 ft ) have a larger vital ca- 
pacity than dwellers at sea level Moderate altitudes, 
up to about 7500 ft , appear to have little or no effect 
upon the chest development 

Although anoxia is the most serious effect of high 
altitudes with which the mountain climber or aviator 
has to contend, rapid ascents, as by airplane, cause 
other important physiological disturbances which 
should be mentioned, namely 1) expansion of gases 
in the gastrointestinal tract, 2) aeroembolism (see 
below) , and 3) pressure disturbances in the ears 

Expansion of Gases in the Gastrointestinal Tract 
Like the gases of the atmosphere those in the 
stomach and intestine increase in volume m propor- 
tion to the reduction in pressure Gas having a 
volume of 1 liter at sea level expands to 2 liters at the 
pressure (375 mm Hg) existing at 18,000 ft , to 4 li- 
ters at 34,000 ft , to 6 liters at 42,000 ft (pressure 128 
mm Hg) Distention of stomach and intestine will 
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result unless the abdomen is supported by a belt or 
other means, or the gases are freely evacuated In 
rapid ascents distress or even severe pain results if 
there is any hindrance, as by an obstruction in the 
colon, to the ready passage of flatus 

DysioaTssm 

The term dysbarism, or decompression sick- 
ness (see Behnke, 1965), refers to the signs and 
symptoms which result when the total pressure 
of ambient gases suddenly is reduced It refers 
to the effects of reduction in pressure as such 
Dysbarism is seen m deep sea divers or caisson 
workers when they pass too quickly from the 
high pressure in which they have been working 
to the ordinary pressure of the atmosphere, 
hence the name caisson disease has been used 
The “bends” is a popular name for the condi- 
tion In dysbarism the percentage reduction in 
pressure is a more important factor than the 
absolute amount of decrease A sudden reduc- 
tion in pressure to approximately 45^ of the 
pressure with which the subject was equili- 
brated ordinarily is necessary m order to cause 
dysbarism A diver who has been exposed to a 
pressure of, for example, 8 atm usually can be 
subjected to a quick reduction in pressure to 4 
atm without developing symptoms, then after 
he has been at this pressure long enough to 
approach equilibrium with the surrounding 
pressure he can be quickly lowered to 2 atm 
where he remains for a time and next the pres- 
sure can be lowered to 1 atm 

The cause of symptoms during rapid decom- 
pression is the formation of bubbles of gas in 
fatty tissues and blood The gas is mainly ni- 
trogen The total amount of nitrogen dissolved 
m the body when one is exposed to a gas mix- 
ture having the same percentage composition as 
atmospheric air is several times that of Og and 
double that of COg. Also, nitrogen diffuses less 
readily and, unlike Og, it is not used m meta- 
bohc processes When body fluids are saturated 
with N 2 at a given pressure and the ambient 
pressure suddenly is lowered, N 2 is evolved in 
gaseous form just as CO 2 is evolved from car- 
bonated water when the cap is removed from 
the bottle containing it Bubbles in the blood 
tend to lodge m the smaller vessels and ob- 
struct the flow of blood Symptoms vary de- 
pending upon the sites where the bubbles 
lodge Fatty tissue usually is the site of bubble 
formation since Nj is five times more soluble in 
oil than in water The involved tissues include 
subcutaneous tissue, bone marrow, adrenal cor- 


tex, myelin sheaths, etc Bubbles m the myelin 
sheaths of sensory nerves cause pain (bends), 
paresthesias, itching, etc , and those m myelin 
sheaths of motor nerves may cause temporary 
paralysis It has been recognized for many years 
that obese persons are more susceptible to “the 
bends” than lean persons 

In rapid ascents in airplanes, dysbarism is 
not a problem up to 20,000 ft since the reduc- 
tion in pressure is less that 55 and, m fact, 
symptoms ordinarily do not appear below 
30,000 ft Above this level, however, dysbarism 
is common The tendency to develop decom- 
pression illness is greater the more rapid the 
ascent The most effective way to prevent or 
dimmish the effects of rapid decompression is 
to have the aviator breathe 100?c oxygen or an 
oxygen-helium mixture for a time before the 
flight and thus wash much of the nitrogen out 
of the body When this is done the aviator 
should be able to ascend quite rapidly to 40,000 
ft (continuing to breathe 100 /o O 2 ) without 
discomfort 

The effects of aeroembohsm in flyers during 
rapid ascent take the form most commonly of 
severe pain in one or more of the large joints 
and itching of the skin or cutaneous sensations 
of heat or cold Other more serious symptoms 
such as paralysis, intense burning pain in the 
chest, or pulmonary edema may, though rarely, 
occur. The symptoms are rarely as severe in the 
decompression which occurs in ascent of alti- 
tude, as they are in compressed air illness, 
since the amount of gas which can be released 
is not as great 

The explosive decompression technique 
which IS used to study adjustments to lowered 
PO 2 in the inspired air also is useful in the 
study of dysbarism A rate of ascent can be 
simulated in this way which is much faster than 
any which has been attained even in rockets 
Many thousands of flying personnel have been 
subjected to explosive decompression The sub- 
ject IS instructed to breathe with mouth open 
As the gas in the lungs expands during decom- 
pression it rushes out through the open airway 
Gas in the sinuses also expands suddenly and 
exhausts through the natural channels, but if 
these openings are not patent severe pain is 
produced 

Experimental animals have been found to 
have an astonishingly high tolerance to explo- 
sive decompression at simulated high altitudes 
(from sea level to 50,000 ft — 750 to 87 mm 
Hg) The rate of decompression m the expen- 
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ments of Whitehorn and his associates ranged 
from about 1100 mm Hg/sec to as high as 
33,000 mm Hg or more/sec That is to say, 
decompression from 750 mm Hg to 87 mm Hg 
was brought about in the latter instance in 0 02 
sec Then the animal was quickly recompressed 
and the effects of anoxia thus prevented The 
chief effects observed m these experiments 
were distension of the hollow viscera and lungs, 
fixation of the expanded thorax m the inspira- 
tory position and of the diaphragm in the expi- 
ratory position, due to upward pressure of the 
distended stomach and intestines, sharp but 
temporary fall m blood pressure with cardiac 
slowing, hemorrhages into lungs and hollow 
organs, or rupture of the latter The fall m 
blood pressure seems to be due to decreased 
cardiac filling caused by the increased intratho- 
racic pressure, due in turn to the rise of the 
diaphragm The cardiac slowing does not occur 
after bilateral section of the vagus nerves In no 
instance out of some 700 decompressions on 
several different species of laboratory animal 
did a fatality occur from a single decompres- 
sion The injuries which are most likely to 
occur from explosive decompression are damage 
to ears and lungs, though rupture of the 
stomach or intestine may result 

Respiration in a Sealed Cabin 

In flight beyond the earth’s atmosphere the 
passengers must be in a sealed compartment 
The total pressure of gases m the compartment 
could be reduced quickly to one half that at sea 
level without causing any difficulty in normal 
subjects providing the POg were kept up to a 
level sufficient to prevent arterial hypoxia This 
could be done if the percentage of O 2 were 
about 35 to 40 at a cabin pressure of 380 mm 
of Hg However, it may be argued that it might 
be preferable to maintain ambient gases at the 
level normally encountered at sea level The 
atmospheres within manned aerospace capsules 
launched by the United States, prior to the fire 
which resulted in the death of three astronauts, 
consisted of 100% O 2 at one-third of an atmos- 
phere This results in an oxygen tension of 250 
mm Hg in inspired air or well above the 150 
mm Hg which normally is inspired at sea level 
A disadvantage of this may be the greater fire 
hazard, and the oxygen tension above normal 
could lead to decreased erythropoiesis The 
presence of some amount of an inert gas such 
as nitrogen or helium would help prevent ate- 


lectasis and could have other advantages not 
yet apparent After all, the human body has 
evolved over thousands of years to survive m a 
mixture consisting largely of nitrogen At 
present it is being planned that the occupants 
of a space station who will spend weeks in an 
artificial atmosphere will h^’eathe a gas mixture 
at one atmosphere that has a percentage com- 
position with respect to oxygen and nitrogen 
not much different from that of the atmos- 
phere The question of the optimal composi- 
tion of the ambient atmosphere to be main- 
tained in a manned space station was discussed 
fully in a conference conducted by the Space 
Science Board (see Carlson, 1967) 

Average values for the daily metabolic turn- 
over of a “standard” man are presented m 
Table 6 6 (compiled by H G Clamann, United 
States Air Force School of Aviation Medicine, 
Randolph Field, Texas) Calculations of what 
supplies must be taken m a sealed cabin for 
trips of any duration can be made on the basis 
of such data 

Pneomoma 

In lobar pneumonia the oxygen saturation of 
the arterial blood varies m different cases from 
normal to less than 70% The signs and symp- 
toms of anoxia usually appear when the satura- 
tion is around 85% Cerebral symptoms, e g , 
sleeplessness and delirium, cyanosis and 
dyspnea increase with the oxygen desaturation 
In lobar pneumonia the carbon dioxide content 
of the arterial blood is reduced on the average 
by about 15% (Meakins and Davies) The “al- 
kali reserve,” however, is normal or only 
slightly reduced The blood pH may m some 
cases be increased From these findings it ap- 
pears that there exists a partially compensated 
alkalosis, mduced by the hyperventilation 
(blowing off of carbon dioxide) elicited by re- 
duced oxygen tension of the arterial blood The 
increased ventilation of the alveoli also in- 
creases the percentage of oxygen in the alveolar 
air, but this cannot, as we shall see presently, 
increase appreciably the oxygen in the arterial 
blood. 

In bronchopneumonia a higher degree of 
oxygen desaturation of the arterial blood is 
usually present than m the lobar type The 
cyanosis may be extreme There is often reten- 
tion of carbon dioxide and a rise m plasma 
bicarbonate results, to compensate, in part at 
least, the gaseous acidosis The carbon dioxide 
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Table 6 6 

Daily metabolic turnover 

(Man 70 kg RQ — 0 82 Food Protein 80 g , Carbohydrate 270 g , Fat 150 g ) 


Substance 


Input 

Output 



Gases 

g 

862 

24 04 

(Oxygen, 603 

g 

982 

c 

c 

27 39 

(Carbon Dioxide, 

Liquid 

2200 

61 37 

liters) 

(Water) 

2542 

70 91 

496 liters) 
(Water) 

Solids 

500 

13 95 

(Food) 

27 

0 75 

(Urea) 


23 

0 64 

(Salts) 

23 

0 64 

(Salts) 

Total 

3585 

100 00 


11 

3583 + 2830 
Real 

0 31 
100 00 

( Unaccounted for) 


content of the arterial blood may be 80 vol % 
or more 

The Causes of Hypoxia in Pneumonia Two 
mam factors concerned in the production of the 
hypoxia are the passage of blood through unaer- 
ated (consolidated) portions of the lung and 
shallow breathing Typically the blood of pneu- 
monia patients has a normal oxygen capacity 
and the oxygen dissocition curve at a given 
carbon dioxide tension is not appreciably dif- 
ferent from that of normal persons 

In lobar pneumonia during the stages of 
engorgement and red hepatization the alveoli of 
the affected portion of the lung are poorly aer- 
ated Mucus blocks the bronchioles, and the air 
spaces are filled or their walls coated with exu- 
date But a large proportion of the vessels of 
these unaerated regions are still pervious Con- 
sequently, blood traversing such areas must 
remain poorly oxygenated This blood with a 
low oxygen saturation and a high carbon di- 
oxide content mixes with blood which has 
passed through aerated regions The general 
arterial blood therefore has its oxygen satura- 
tion reduced in proportion to the amount of 
unsaturated blood with which it is mixed (see 
also “Shunt,” p 6-76) When the pneumonic 
area passes into the stage of gray hepatization 
the vessels of the affected lobe become obliter- 
ated to a large extent and the pulmonary blood 
then passes through aerated regions (Fig. 6 32). 
That IS, the arterial blood is no longer vitiated 
by blood from nonaerated areas Therefore in a 
typical case of lobar pneumonia when the dis- 
ease is confined to a single large area and the 
breathing is not shallow, there is little anox- 
emia at this stage. If however, bronchopneu- 
monic areas coexist, the respiratory functions 


will be affected as described below (See “Ox- 
ygen Therapy,” p 6-81) 

In bronchopneumonia, patches of lung tissue 
are cut off from their air supply The fine brou 



Fig 6 32 X-ray photograph of lung (injected with 
barium) from a case of lobar pneumonia (after Gross) 
Upper right Consolidated area — red hepatization The 
main vessels are constricted and the finer vascular struc 
ture IS less dense than in the normal lung Lower right 
Consolidated area — gray hepatization The mam vessels 
are patent but the finer vessels have been occluded 
Lower left Healthy portion of lung except for compensa 
tory congestion, the vessels are dilated 
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chioles become plugged with mucus, groups of 
alveoli become filled with exudate, and the al- 
\eolar v\alls are edematous and thickened Yet, 
obliteration of the vessels to any great extent 
does not occur Blood continues to flow through 
unaerated areas This blood which has a low 
P 02 on mixing with that from aerated alveoli 
lowers the saturation of the general arterial 
blood 

Shallow Breathing In pneumonia 
breathing is frequently very rapid and shallow 
Instead of the tidal air being around 500 ml as 
m health it may be reduced to 250 ml or less 
It will be recalled that about 150 ml are re- 
quired to fill the anatomical dead space, there- 
fore only 100 ml will enter the air sacs of the 
healthy parts of the lung The expansion of the 
lungs IS not equal in all its parts The alveoli 
toward the hub of the radiating rays expand 
less than those near the periphery Those parts, 
such as the apex, which are indirectly expanded 
have even in health a tendency to be ventilated 
less than those which are directly expanded In 
shallow breathing, these differences are greatly 
exaggerated Although the tidal volume is only 
half the normal, the total quantity of air 
breathed per minute (minute volume) is, as a 
result of the increased respiratory rate, much 
greater than normal Since a proportion of the 
alveoli are very poorly ventilated or not at all, 
owing to the unequal expansion of the lung, 
those in other areas tend to be overventilated 
The O 2 tension in the latter is therefore raised 
But so far as the oxygenation of the blood is 
concerned, the overventilation of some alveoli 
cannot make up for the underventilation of 
others We know that the hemoglobin is nearly 
saturated already at the ordinary alveolar ox- 
ygen tension of 100 mm Hg As already men- 
tioned the dissociation curve of hemoglobin in 
pneumonia does not differ appreciably from 
that m health, and the most, therefore, that 
could be expected from a rise in the alveolar O 2 
tension would be an increase of 2^c or less in 
oxygen saturation of the blood traversing over- 
ventilated regions and a slight increase in the 
amount of O 2 held in simple solution In other 
words, the blood flowing through the poorly 
ventilated parts of the lung will have a low sat- 
uration since the O 2 tension is low, while that 
flowing through the overventilated parts will be 
little above the normal The net result will be a 
low oxygen saturation of the mixed arterial 
blood 


Matters are different in the case of CO 2 
elimination The shape of the CO 2 dissociation 
curve which shows a progressive slope 
throughout the entire range of CO 2 tensions is 
quite unlike that for oxyhemoglobin (Fig 6 33) 
The greater total ventilation results in a low- 
ering of CO 2 tension in the overventilated parts 
of the lung and, consequently, in a ‘‘blowing 
off” of CO 2 from the blood circulating through 
these regions CO 2 is retained in the blood cir- 
culating through poorly ventilated regions In 
the patient with lobar pneumonia the amount 
of CO 2 blown off may exceed that retained, the 
net result will be a lowering of the CO 2 content 
of the arterial blood In bronchopneumonia a 
larger proportion of the pulmonary blood circu- 
lates through nonaerated areas As a conse- 
quence, CO 2 retention is greater, and a normal 
or a higher than normal CO 2 content of the 
blood is more usual 

The Cause of Shallow Breathing in Pneu- 
monia Pleuritic pain, by restricting the respira- 
tory excursions, may result in this type of 
breathing In other instances it may be of a re- 
flex nature resulting from the inflammatory^ 
process which, through a reduction in the dis- 
tensibihty of the pulmonary tissue perhaps ex- 
alts the sensitivity of the afferent vagal endings 



Fig 6 33 Carbon dioxide and oxygen dissociation 
curves The small rectangles indicate the extent of the var 
lation of the Oi and CO 2 of the subjects blood when at 
rest (From L J Henderson 1928) 
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m the alveolar walls Thus the inspiratory 
movement possibly is terminated before a full 
excursion has been completed (see Hering- 
Breuer reflex, p 6-47) In support of a reflex 
origin may be mentioned the experiments of 
Dunn and of Bmger, Brow, and Branch who 
produced this type of breathing in animals by 
the intravenous injection of potato starch gran- 
ules These, acting as small emboli, plugged the 
pulmonary capillaries The rapid shallow 
breathing was immediately abolished by section 
of the vagi or prevented if the nerves had been 
cut before the injection Also, in pneumonia it 
has been found that oxygen inhalations, even 
though they may restore the oxygen saturation 
of the arterial blood to normal, do not neces- 
sarily abolish the shallow breathing This con- 
stitutes further evidence for the existence of a 
nervous element in the production of this type 
of breathing Shallow breathing may also result 
from other diseases involving the alveoli, e g , 
inflammation by irritant gases (phosgene and 
chlorine), pulmonary edema, miliary tuberculo- 
sis, and pulmonary emboli, which would be 
expected to stimulate afferent nerve endings 

Bronchial Asthma 

This is a paroxysmal disease in which acute 
oxygen want is caused by a spasm of the 
smooth muscles of the finer bronchioles Edema 
of the bronchiolar mucosa is probably also 
present The alveoli are poorly ventilated, and 
some may be completely cut off from their air 
supply The high percentage of carbon dioxide 
and low percentage of oxygen in the alveolar air 
result m a low oxygen saturation of the arterial 
blood and the retention of carbon dioxide The 
acidosis related to CO 2 retention is met by the 
excretion of a highly acid urine and a rise m 
the “alkali reserve ” An intense plum -colored 
cyanosis may develop The continued stimu- 
lating effect of oxygen want and carbon dioxide 
excess upon the respiratory mechanisms causes 
severe dyspnea 

Difficulty IS experienced both in inspiration 
and expiration, but since there is a natural 
tendency for the bronchioles to narrow during 
expiration and dilate during inspiration, the 
greatest respiratory effort is exerted during ex- 
piration The respiratory muscles contract with 
great force, and the accessory muscles of respi- 
ration are brought into play The expiratory 
muscles compress the chest, the abdominal 
muscles contract in the attempt to squeeze the 
air from the lungs The intrapulmonary pres- 


sure is greatly elevated, and the air escapes 
through the constricted tubes with a distinct 
wheezing sound Due to the difficulty and pro 
longation of the expiratory phase, normal defla 
tion of the lungs cannot occur before the next 
inspiration ensues The lungs, therefore, re 
mam somewhat expanded even at the end of 
expiration That is, during the asthmatic pa 
roxysm a very large volume of residual air is 
present in the lungs (Fig 6 34) The tidal 
volume and the vital capacity are greatly re- 
duced The changes in volume of the overdis- 
tended lung are small and not commensurate 
with the excursions of the thoracic walls As a 
consequence, the high value of the intrathoracic 
negative pressure induced during inspiration 
causes the structures at the root of the neck to 
be drawn toward the thoracic cavity to take up 
the space which the lungs are unable to fill 
During expiration the veins of the neck and 
face become engorged The restricted move- 
ments of the lung also greatly reduce the effect 
of mechanical mixing upon the lung air, the 
process of diffusion being depended upon to a 
larger extent for the freshening of the alveolar 
air 



Fig 6 34 Diagram showing subdivisions of the lung 
air in asthma (2) and emphysema (3) compared with the 
normal (1) A Inspiratory reserve volume B tidal volume 
C expiratory reserve volume and D residual volume 
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CAUSATION 

Asthma often shows a strong hereditary tend- 
ency The bronchioiar spasm may be of a reflex 
nature and due to the stimulation of hyper- 
sensitive afferent vagal endings in the larynx, 
or of trigeminal fibers by some nasal abnor- 
mality, the bronchoconstnctor impulses travel 
via efferent vagal fibers On the other hand, the 
bronchioiar spasm may be an allergic phenome- 
non, 1 e , the result of sensitization to some for- 
eign protein This is the most common cause of 
the condition It is then frequently associated 
with other allergic conditions, e g , hay fever, 
urticaria, or eczema either in the patient him- 
self or in members of his family The foreign 
protein may be inhaled Pollens of various 
grasses and flowers, the dandruff of animals, 
e g , horse, cat or dog, or feathers are among 
the most common excitants, or the exciting 
cause may be some kind of food or the protein 
of bacteria within the respiratory tract itself 
The sensitivity of certain individuals to foreign 
proteins presents many features resembling 
those of anaphylactic shock in animals Sudden 
death may result from the injection of horse 
serum (e g , diphtheria antitoxin or antitetanic 
serum) into an asthmatic subject A guinea pig 
when injected with a protein to which it has 
previously been sensitized dies rapidly from 
anaphylactic shock The bronchioiar muscle is 
strongly contracted The air is trapped so that 
the lungs are maximally distended and do not 
collapse when the thorax is opened Even when 
the pulmonary tissue is deeply incised the air 
does not escape from the distended lung This 
manifestation of anaphylaxis is associated with 
(and perhaps due to) the liberation of hista- 
mine It IS well known that anaphylaxis and 
histamine administration produce almost iden- 
tical effects in the guinea pig (Fig 6 35) 

The treatment of asthma resolves itself into 
the relief of the paroxysm and the removal of 
the underlying cause Epinephrine or ephedrme 
acts by inhibiting the bronchioiar muscle 
during the attack Atropine blocks the action of 
the bronchoconstnctor (vagal) fibers In the al- 
lergic form of the disease every effort is made 
to identify the offendmg protein Antihista- 
minic drugs have been employed with varymg 
degrees of success 

Chronic Emphysenia 

The lungs in emphysema (Greek em 4- phy- 
sema, a blowing) are in a state of extreme dis- 
tention as a result of the enlargement of the air 


sacs The latter, however, show fewer alveoli m 
their walls owing to the atrophy of the interal- 
veolar septa Contiguous air sacs within a 
lobule coalesce or even adjacent lobules may 
fuse to form large air spaces For this reason 
the total respiratory surface is reduced The 
alveolar and capillary walls become thickened 
and the interstitial pulmonary tissue increased 
Many capillaries become occluded The pulmo- 
nary elastic tissue is reduced m amount so that 
the lungs, when removed from the thorax, do 
not collapse normally but remain m an overex- 
panded state The peripheral lobules, which m 
health expand to the greatest extent, are those 
mainly affected m emphysema, the enlarged 
lobules appearing as blebs upon the surface of 
the lung 

The chest is what is known as barrel-shaped 
The ribs are more horizontal than normally, the 
thoracic spine is bowed backwards (kyphosis) so 
that the anteroposterior diameter of the chest is 
as great as or exceeds the transverse The posi- 
tion of the chest is one of nearly full inspira- 
tion The midposition of the diaphragm is at a 
much lower level than usual and its excursions 
above and below this level are restricted The 
respiration is therefore mainly costal In some 
instances the diaphragm is practically fixed or 
indeed may be drawn up during inspiration 
(paradoxical movement) The residual air is 
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Fig 6 35 Guinea pig Reaction of bronchial muscle to 
OOt mg histamine 
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two or three times the normal, and the inspira- 
tory reserve volume is reduced The tidal 
volume IS normal or only moderately reduced 
and the vital capacity (Fig 6 34) is lowered by 
from 20 to 60^ c Owing to the loss of the elas- 
ticity of the lung, expiration is no longer simply 
a passive movement but is aided by a forcible 
contraction of the expiratory muscles When 
the patient is asked to make a deep inspiration, 
he does not expel all the air during the next 
expiration Several respirations occur before the 
chest returns to its original size Expiratory re- 
serve volume is greatly decreased, and residual 
volume IS markedly increased (Fig 6 34) These 
phenomena are due to the fact that the ine- 
lastic lungs have been overstretched and are 
brought back to their original volume with dif- 
ficulty 

In emphysema there are arterial hypoxia and 
retention of carbon dioxide The oxygen satura- 
tion of the arterial blood runs from a little 
below normal to around 75^c or even less The 
carbon dioxide tension in the alveolar air in 
well-marked cases is from 50 to over 60 mm 
Hg (7 to 8^o) and the carbon dioxide content of 
the arterial blood is correspondingly high 

Owing to the obliteration of many capillaries 
m the lungs, the resistance m the pulmonary 
circuit is increased, thus a greater burden is put 
upon the right ventricle 

The cause of the impaired gaseous exchange 
is not altogether clear Thickening of the al- 
veolar and capillary walls and the obliteration 
of capillaries have been considered to be fac- 
tors Yet if this were so one would not expect 
the retention of carbon dioxide which, owing to 
its greater solubility (30 times that of oxygen) 
has a much higher rate of diffusion through the 
pulmonary membrane, to be so much more 
pronounced than the anoxia The sharp re- 
bound at the end of inspiration which occurs in 
the healthy lung causes mechanical mixing of 
the lung air and is an important factor in the 
efficient ventilation of the alveoli The absence 
of this effect in the emphysematous lung and 
its greater dependence, in consequence, upon 
the slower process of diffusion is probably an 
important factor leading to the defective aera- 
tion of the blood According to Christie, the 
impaired gaseous exchange is due mainly to the 
fact that, as a result of the loss of elasticity, the 
intrathoracic pressure is not distributed evenly 
throughout the lung As a consequence, the 
outlying alveoli which are largely functionless 
with obliterated vessels are ventilated to a 


greater extent than the relatively health} ones 
more centrally placed Owing to the shapes of 
the respective dissociation curves such under- 
ventilation of the functioning alveoli will tend 
to have a greater effect in preventing the elimi- 
nation of CO 2 than in interfering with the ab- 
sorption of oxygen Other factors which may be 
concerned, are the slower rate of diffusion of 
CO 2 , owing to its larger molecule, in the al- 
veolar air, and the increased residual volume 
The red cell count, hemoglobin content, and 
consequently the oxygen capacity of the blood, 
are increased above the normal in emphysema 
The cyanosis (p 6-78) is often pronounced, >et 
the patient’s dyspnea is less than might be ex- 
pected from his color and from the carbon di- 
oxide retention which exists This is explained 
by the well-established fact that in emphysema 
the respiratory center is less sensitive to carbon 
dioxide A normal person when breathing a 
carbon dioxide rich mixture (8^7)) increases his 
pulmonary ventilation by 300^c or more, the 
breathing of the emphysematous patient, on 
the other hand, shows relatively little change as 
a result of breathing a much stronger mixture 
(see Fig 6 36) 



Fig 6 36 Chart showing the percentile increase m 
tidal air per minute as the percentage of inspired carbon 
dioxide IS raised Note that when the normal subject in 
spires air containing 8% carbon dioxide the tidal volume is 
increased about 300% whereas in the emphysematous 
subject It IS increased only about 25% (After R W Scott 
1920) 
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CAUSATION 

Two factors are concerned in the production 
of emphysema a) reduction m the elastic tissue 
of the lung, and h) increased distention of the 
alveolar spaces 

It IS very questionable whether, in the absence of 
some abnormality of the lung tissue itself, emphy- 
sema can result from increased mtrapuimonary pres- 
sure, such as occurs in those following certain occupa- 
tions, e g , glass blowers and the players of wind in- 
struments The study of groups of men following such 
occupations does not indicate that emphysema is 
produced in this way Emphysema has, however, 
been induced in animals by stenosis of tHe trachea or 
bronchi or by the insertion of a valved apparatus into 
the trachea which allowed the free ingress of air but 
offered an obstruction to expiration 

Asthma and chronic bronchitis frequently are fore- 
runners of emphysema In the former condition the 
spasm of the bronchiolar muscle exerts a valvelike 
action In chronic bronchitis mucous plugs would act 
similarly Coughing, it has been supposed, places a 
strain upon the alveolar walls But during the phase 
of coughing when the glottis is closed the alveolar 
wails are supported When the glottis opens, the air 
escapes from the alveoli if the obstructing material 
has been dislodged, and no strain upon the alveolar 
wall would result If, however, the air remains en- 
trapped its sudden re-expansion (rebound), as the 
pressure in the surrounding pulmonary tissue falls at 
the end of a cough, may injure the alveolar mem- 
brane and start the emphysematous process 

What may be termed a physiological or compensa- 
tory emphysema occurs when part of the pulmonary 
surface is reduced as by the collapse of a part or the 
whole of one lung This is more m the nature of an 
hypertrophy A similar enlargement of both lungs 
occurs at high altitudes 

A type of emphysema also occurs in the elderly — 
senile or postural emphysema — and is secondary to the 
change in the shape of the thorax which becomes more 
barrel-shaped and mcreased m capacity The lungs en- 
large to fill the mcreased space This condition is as- 
sociated with few symptoms There is little reduction 
in the vital capacity, and the oxygen saturation of the 
arterial blood is practically normal 

Atelectasis 

Any condition which lowers the pressure 
within the alveoli or increases the pressure 
upon the lung surface, may lead to collapse of 
the lung Thus pleural effusions, pneumo- 
thorax, tumors, etc , pressing from without or 
the isolation of the alveoli from their air supply 
by the obstruction of a bronchus will result in 
collapse of the lung or of the portion of the lung 
affected Atelectasis (Greek ateles, incomplete, 


ektasis, distention) is also the term applied to 
the condition m the newborn in which, as a 
result of the blockage of a bronchus or of a 
group of bronchioles by mucous secretion, or 
owing to weak inspiratory movements, a por- 
tion of the lung fails to become distended with 
air 

Absorption of Air from Isolated Aleuoli and 
Other Closed Spaces When a bronchus or 
bronchiole in a previously distended lung is 
obstructed the imprisoned air soon becomes 
absorbed from the affected alveoli Collapse of 
the air sacs cannot take place until this has 
occurred Absorption is brought about m the 
following way as pointed out by Henderson 
The air in the isolated alveoli has a total pres- 
sure of 760 mm Hg The partial pressures are 
in round numbers, O 2 , 100 mm , N 2 , 570 mm , 
CO 2 , 40 mm , and aqueous vapor, 47 mm In 
the venous blood the total pressure is 703 mm , 
the nitrogen and aqueous vapor being the same 
as that of the alveolar air, but the partial pres- 
sure of oxygen is only 40 mm and of carbon 
dioxide 46 mm An interchange of the latter 
gases therefore occurs between the alveolar air 
and the venous blood It might be thought that 
the imprisoned air would then be in equilib- 
rium with the blood and no further absorption 
occur But the alveolar air loses more oxygen 
than it gains carbon dioxide whereupon its 
volume IS reduced The atmosphere acting 
upon the body surface and through the yielding 
soft tissues compresses the air so as to maintain 
its total pressure practically constant at 760 
mm As a result of the absorption of oxygen the 
percentage and consequently the partial pres- 
sure of carbon dioxide and of nitrogen are in- 
creased These gases now diffuse into the 
blood The volume of the alveolar air is further 
reduced thereby, but its total pressure still 
remains unaltered The percentage and there- 
fore the partial pressure of oxygen rises and 
more of this gas passes into the blood The 
process continues in this manner until no air 
remains, and the walls of the original space are 
ultimately approximated by the pressure of the 
atmosphere Air is absorbed from the pleural 
cavity or from any other closed cavity oi the 
body in the same way (Henderson and Hender- 
son, 1932) The absorption of tfce air confined 
within the pleural cavity permits the lung, if 
the air pressure had caused its coUapse, to re- 
expand 

The collapse and shrinkage of the lung which 
results from blockage of a bronchu^ increases 
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the mtrathoracic negative pressure, since the 
closed thoracic box is less completely filled The 
diaphragm is therefore drawn upwards and 
uncollapsed portions of the lungs are expanded 
to a greater extent (compensatory emphysema) 
in order to fill the unoccupied space 

Shuni 

In the fetus the vessels of the airless lungs are 
bypassed by the greater part of the blood 
brought to the heart That is to say, most of the 
blood is shunted to the arterial side through 
channels which normally close at, or shortly 
after, birth It is clear that if one or more of 
these channels should persist after birth, or if 
the interventricular septum is defective so that 
a large part of the venous blood does not tra- 
verse the lungs, but is short circuited from the 
right to the left heart or directly into the aorta, 
the oxygen saturation of the arterial blood will 
be seriously reduced Arterial hypoxia evi- 
denced by cyanosis (p 6-78) and dyspnea (p 
6-59) will result (Fig 6 37) These will be espe- 
cially pronounced upon exertion since the un- 
saturation of the polluting venous blood will be 
thereby increased 

The Fetal Circulation Before the congenital 
abnormalities are described, the fetal circula- 
tion and the circulatory readjustments which 
occur at birth, or shortly thereafter, will be 
briefly reviewed 

In the fetus the oxygenated blood from the pla- 
centa IS carried by the umbilical vein to the liver, 
where it separates into two streams, one of which is 
distributed to the left two-thirds or so of the liver, the 
remainder passes directly via the ductus venosus into 
the inferior vena cava, thus mixing with blood re- 
turning from the lower part of the body The portal 
vein supplies the rest of the liver That portion of the 
blood from the umbilical vein which has traversed the 
vessels of the liver is also delivered by the hepatic 
veins into the inferior vena cava The hepatic veins 
are a number of small vessels and two much larger 
ones, the latter form a junction with the ductus ve- 
nosus just before the latter joms the mferior vena cava 
The blood in the vena cava beyond this point is, 
therefore, partly oxygenated (from placenta via um- 
bilical vein and ductus venosus) and partly reduced, 
having traversed the tissues of the lower limbs, intes- 
tines, and liver The caval blood, upon reaching the 
nght auricle, s^arates into two unequal parts The 
much larger stream passes directly through the fo- 
ramen ovale (via sinistra) into the left auricle, the 
smaller stream enters the right ventricle The blood 
whidh has reached the left auricle, after being joined 
by a mall but by no means inconsiderable volume of 


blood returned from the pulmonary tissue, flows into 
the left ventricle, and is discharged into the aorta 
and distributed to the brain by the brachiocephalic 
artery, and to the myocardium by the coronary ar- 
teries The remainder flows down the aorta 

The blood returned from the head and entering 
the right auricle by the superior vena cava, together 
with the small fraction of blood of the inferior vena 
cava which was not directed through the foramen 
ovale, enters the right ventricle and is ejected into 
the pulmonary artery A smaller part, yet, as shown 
by Franklin and his associates, more than has been 
generally supposed is conveyed to the lungs by two 
branches of the latter vessels The mam stream, dis 
charged from the right ventricle, passes by a wide 
vessel, the ductus arteriosus, into the aorta, and 
mixing with the blood coming from the left ventricle, 
IS distributed throughout the body That portion 
which IS supplied to the lower limbs is returned by 
two vessels — the umbilical arteries — to the placenta 
During birth, or very shortly after, the three umbil 
ical vessels close (even though the cord has not been 
tied or broken) by the contraction of smooth muscle 
m the vascular walls The flow through the ductus 
venosus ceases as a result of contraction of a smooth 
muscle sphincter at the point where it leaves the 
umbilical vein This occurs in the sheep fetus, ac 
cording to Franklin and his associates, m from 5 to 
25 mm after the umbilical vessels have closed 
Within 5 mm or so after the commencement of 
breathing the foramen ovale closes, and a little later 
(apparently never before the obliteration of the fo 
ramen ovale) the ductus arteriosus becomes occluded 
All the blood from the right side of the heart is nor- 
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Fig 6 37 Diagram [left) showing the proportion of 
oxyhemoglobin to reduced hemoglobin in different parts of 
the circulation in an instance where a portion of the blood 
passes through unaerated channels (shunt) from the ve 
nous to the arterial system Righthand diagram repre- 
sents a case in which the oxygen unsaturation of the 
blood IS abnormally high m a part of the peripheral capti 
lanes but normal rh the arterial blood (hypokinetic type of 
anoxia) (After Lundsgaard and Van Slyke 1 923 ) 
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mall> from now on directed through the lungs 
Franklin and his associates found, however, m the 
case of the newborn lamb, that should the general 
condition of the later seriously deteriorate, the ductus 
arteriosus may open again The mechanism of closure 
of the ductus appears to be initiated in some way by 
the action of the oxygenated blood upon the vascular 
muscle and not through a nervous mechanism In the 
iamb this channel has never been observed to close 
before occlusion of the umbilical vessels (Barclay et 
al , 1945) 

CONGENITAL CARDIAC DEFECTS 

Patent ductus arteriosus, or foramen ovale, inter- 
\entricular septal defects, stenosis of the pulmonary 
artery and coarctation of the aorta (narrowing of 
aorta in the neighborhood of the ductus arteriosus) 
are among the congenital defects most commonly 
met 

The development of the direct Fick method (sect 
3, chap 7) (utilizing catheterization of the right side 
of the heart) for determining the cardiac output has 
provided means of the greatest value in diagnosing 
congenital defects of the circulation It is now possible 
to obtain samples of blood for gas analysis from the 
right ventricle, the pulmonary artery, and many sites 
in the systemic circuit, including the left ventricle 
(See Fig 6 38 ) 

Patent Foramen Ovale or Other Defect in the In- 
terauncular Septum In patency of the foramen 
ovale, the opening is guarded by a valvelike mem- 
brane which prevents blood from passing from the 
left to the right auricle, and none passes m the oppo- 
site direction unless the pressure in the right auricle 
IS high With other defects of the mterauricular sep- 
tum, a shunt from right to left with cyanosis may 
occur, but if there is mitral stenosis and a large defect 
{Lutembacher's syndrome) the high pressure m the 
left auricle causes a shunt from left to right 

Patent Ductus Arteriosus Blood enters the pulmo- 
nary system from the arterial side, the oxygen con- 
tent in the pulmonary artery is increased, but is 
normal m the right auricle and ventricle 

If a defect of the interventricular septum exists 
alone, the oxygen content of the blood in the right 
ventricle and pulmonary artery is increased but not 
of that in the right auricle 

Neither of these last two defects, if it exists alone, 
will cause cyanosis, since the shunt is from left to 
right (arteriovenous shunt) Rarely, however, in the 
case of a patent ductus arteriosus, the direction of 
flow IS reversed temporarily at certain times (during 
crying or coughing), blood passing from the pulmo- 
nary artery into the aorta 

Often the abnormalities are multiple For example, 
a patent foramen ovale, together with stenosis of the 
pulmonary artery, results in the passage of venous 
blood to the arterial side, i e , through the auricular 
defect, slight or moderate cyanosis is seen The com- 
bination of congenital defects, originally described by 


John Hunter and later by Fallot, and now generally 
known as the tetralogy of Fallot, consists of, a) an 
interventricular septal defect, b) narrowing of the 
pulmonary artery, or stenosis of its orifice, and c) 
dextroposition of the aorta, the orifice of this vessel 
being shifted to the right to straddle the septal de- 
fect d) The fourth element making up the tetrad is 
right ventricular hypertrophy The blood flow through 
the lungs and the pulmonary pressure are reduced 
Owing to the high pressure developed m the right 
ventricle blood is driv^en through the defect into the 
overriding aorta If the pulmonary stenosis is very 
severe, the ductus arteriosus must be patent m order 
to provide sufficient blood flow through the lungs to 
support life Cyanosis and dyspnea are usually pro- 
nounced Blalock and Taussig have devised an opera- 
tion for the correction of the chief effects of these 
conditions It consists of anastomosing a large branch 
of the aortic arch (usually carotid or subclavian) to 
the right or left pulmonary artery 

Another combination of defects has three features 
of the tetralogy of Fallot, namely, defect of the in- 
terventricular septum, dextroposition of the aorta 
and right ventricular hypertrophy, but pulmonary 
stenosis is absent It is known as Eisenmengef s com- 
plex The shunt is from left to right in early life, but 
later, when as a result of the large volume of blood en- 
tering the right ventricle from the left side as well as 
through the normal channels this chamber enlarges 
and hypertrophies, the high pressure developed may 
force venous blood into the overriding aorta, cyanosis 
then appears 

In those congenital cardiac anomalies showing 



Fig 6.38 Numbers from 1 to 1 1 indicate the posi- 
tions from which blood samples may be taken by means 
of the intracardiac catheter (After Groom et al 1948 ) 
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cyanosis, the arterial oxygen saturation is found to 
be, during rest, from 45^ c in severer degrees of cy- 
anosis to 90^ f in the milder cases The red cell count, 
however, is likely to be increased, and the hemo- 
globin concentration may be high as 26 g b The 
arterial oxygen content, i e , the volumes of 
oxygen/100 ml of blood, in those with the higher 
hemoglobin concentration is, consequently, much 
higher than normal and may reach a value of 29 vol 
as against the normal maximum of 22 \ol (see 
‘Cyanosis,” below) Exercise, which in normal sub- 
jects causes little or no change in arterial oxygen sat- 
uration, produces a profound fall in the congenital 
heart cases, amounting in some to a reduction of over 
30T 

Carbon Monoxide Poisoning 

References to carbon monoxide poisoning are 
contained in the earliest medical writings This 
gas was used by the Greeks and Romans for the 
execution of criminals and as a means of com- 
mitting suicide Today, carbon monoxide is the 
most important gaseous poison against which 
physicians have to contend 
The affinity of hemoglobin for carbon mon- 
oxide IS approximately 300 times its affinity for 
oxygen Therefore, when the atmosphere con- 
tains only a very small percentage of CO, the 
hemoglobin takes up the poisonous gas and in 
so doing loses its ability to combine with an 
equivalent volume of oxygen 

Recovery from carbon monoxide poisoning is 
usually complete when the exposure has not 
been too long or the concentration too high It 
IS important that the carbon monoxide hemo- 
globin should be broken up as soon as possible 
since injury to the tissues is produced by the 
anoxia It is possible to displace the carbon 
monoxide by oxygen if the tension of oxygen is 
sufficiently high and that of carbon monoxide 
low Mixtures with a high percentage of oxygen 
and from 6 to 7^c carbon dioxide combined 
with artificial respiration are used m the treat- 
ment of CO poisoning The carbon dioxide, as 
well as acting as a respiratory stimulant, re- 
duces the affinity of hemoglobin for carbon 
monoxide Recently, administration of oxygen 
under pressures greater than 1 atm has been 
advocated by Smith (1965) Carbon monoxide, 
as well as its action in displacing oxygen from 
hemoglobin, has histotoxic properties, inhib- 
iting the tissue respiratory enzymes This fact 
has no practical bearing, however, upon carbon 
monoxide poisoning in man, for the concentra- 
tions at which such action occurs is many times 
greater than could ever occur in the body 


C/anidE Pos3or^0ng 

No interference with oxygen carriage is caused bv 
cyanide, but there is inhibition of tissue respiration 
Cvanide inhibits the action of cytochrome oxidase 
carbonic anhydrase and probably of other enz\me 
systems It follows from this that any antidote for 
cyanide poisoning must have one of two actions Ei- 
ther the cyanide must be removed or detoxified or 
the inactivated catalyst must be replaced Methylene 
blue does act as a catalyst for certain biological oxida 
tions, and this led to its use as an antidote for cya 
nide poisoning When methylene blue is given to the 
intact animal, there is a marked rise in body temper 
ature which is due to increased metabolism Sahlin m 
1926 provided the first experimental demonstration 
that methylene blue antagonizes the action of cyanide 
m the intact animal He used rats and the observa 
tion has been confirmed on other animals — dogs, 
rabbits, mice The evidence suggests that methylene 
blue acts by removing the cyanide from tissue Meth 
ylene blue and cyanide do not combine directlv, but 
methylene blue forms methemoglobin which com- 
bines with the cyanide to form cyanmethemoglobm 
The cyanmethemoglobm is relatively nontoxic and is 
broken down slowly, the detoxification probabh 
being brought about by conversion of the cyanide to 
thiocyanate (Smith and Malcolm) Other substances 
wfiich form methemoglobin (Hug, 1933, Wendel, 
1933) such as sodium nitrite, amyl nitrite, pyTogallol, 
etc , are also effective in the treatment of cyanide 
poisoning Such methods of course are limited b\ the 
quantity of hemoglobin that can safely be converted 
to methemoglobin 

A number of sulphur compounds have been found 
effective in cyanide poisoning Chen, Rose, and 
Clowes (1934) showed that sodium thiosulphate and 
sodium tetrathionate may protect dogs against as 
much as three times the lethal dose of cyanide 

Cyanosis 

Cyanosis (Greek, cyanos, blue) may be de- 
fined as the diffuse, dusky bluish^lor of 
fJie skin and mucous membranes caused by the 
presence m the blood of the superficial capil- 
lanes (subpapillary venous plexus) of reduced 
hemoglobin above a certain definite amount 
The presence of abnormal compounds of hemo- 
globin, e g , methemoglobin and sulfohemo- 
'globin, resulting from the action of various 
toxic substances, causes a type of cyanosis (en- 
terogenous cyanosis), but these will not be con- 
sidered here (see sect 4, chap 4) Cyanosis 
may result from anoxia of either the arterial or 
hypokinetic type It obviously cannot occur in 
the anemic type, which is due essentially to a 
low hemoglobin concentration, in the histotoxic 
type in which the hemoglobin gives up less of 
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its oxygen store than m health, nor in the ar- 
terial and hypokinetic types if a severe grade of 
anemia exists The retention of carbon dioxide 
m the blood has no direct effect upon the pro- 
duction of cyanosis The blue color of the skin 
depends fundamentally upon the absolute 
amount of reduced hemoglobin m the capillary 
blood and not upon the relative proportions of 
reduced hemoglobin and oxyhemoglobin For 
example, in anemia the hemoglobin content of 
the blood may be only 20 of the normal In 
the capillary blood all of this could be in the 
reduced form, yet cyanosis would not result, 
since the absolute amount of reduced hemo- 
globin (i e , “blue” pigment) would be insuffi- 
cient to produce any blue discoloration On the 
other hand, in polycythemia the hemoglobin 
may be 100*^ c above normal Cyanosis will occur 
when the hemoglobin of the capillary blood is 
only 20C reduced, for the absolute concentra- 
tion of reduced hemoglobin will then be raised 
to threshold value The greater quantity of the 
bright-colored oxyhemoglobin present exerts 
little or no influence, that is, it does not, as 
might be expected, tend to neutralize the color 
effect of the reduced hemoglobin 
Normal blood contains about 15 g of 
hemoglobin/100 ml Lundsgaard found that the 
capillary blood must contain approximately 5 g 
of reduced hemoglobin/100 ml before cyanosis 
will appear When fully saturated (20 volumes 
S), ^4 g of hemoglobin will take up 1 ml of 
oxygen Five grams of hemoglobin, therefore, 
hold about 6 7 ml of oxygen, and 5 g of re- 
duced hemoglobin are formed when the blood 
contains 13 3 volumes of oxygen Cyanosis 
may therefore be expected to appear when the 
blood in the capillaries is on the average 
around 7 volumes C unsaturated As a result of 
certain modifying factors the precise level 
of capillary unsaturation at which cyanosis 
makes its appearance varies in different cases 
between 6 and 7 volumes per cent of oxygen 
The oxygen unsaturation of the capillary 
blood does not of course occur abruptly at the 
arterial end but is progressive from point to 
point along the course of the vessel The loss of 
oxygen may be uniform from the arterial to the 
venous end of the capillary as shown in curve 1, 
Figure 6 39, or the desaturation may occur 
mainly toward the venous end (curve 2) when 
the capillary blood would approximate arterial 
blood in its content of reduced hemoglobin 
Under other circumstances the greatest oxygen 
loss may occur toward the arterial end (curve 


3) when the unsaturation of the capillary blood 
throughout would approach that of venous 
blood It is difficult to obtain data from which 
the true curve may be drawn The simplest 
of these curves (curve 1) is assumed and the 
average unsaturation of the capillaiy blood 
IS taken as midwa> between that of arterial and 
V enous bloods respectiv eh Thus 

LdA -f U) - C 

where A and U represent the unsaturation m 
volumes per cent of arterial and venous bloods, 
respectively and C the average unsaturation of 
the capillary blood 

For example, in a normal person the arterial 
unsaturation is 0 5 volume ^ (19 5 volumes S 
saturation), another 5 vol U are given up in 
the capillary, the venous unsaturation is there- 
fore 5 5 volumes So 

(0 5 -}- 5 5) = 3 0 V olumes U av erage 
unsaturation of capillary blood 

(3 0 X 0 75) = 2 2 g reduced Hb 

We have seen that the average unsaturation of 
the capillary blcod must be between 6 and 7 
volumes (approximatelv 5 g of reduced Hb) 
before cyanosis appears This degree of unsatu- 
ration of the capillary blood may be brought 
about either by an increase in the arterial un- 
saturation (arterial type of anoxia) or as a result 
of a greater amount of oxygen being lost from 
the blood in its passage through the capillaries 
(hypokinetic type of anoxia) That is, by an 
increase in the venous unsaturation (V) alone 

Tissue 


Arteries capillaries Veins 



Fig 6 39 Diagram showing hypothetical variations in 
the shape of the reduction curve of oxyhemoglobin during 
the passage of the blood through tissue capillaries (After 
Lundsgaard and Van Slyke 1 923 } 
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In order to produce an average unsaturation of 
from 6 to 7 volumes m the capillary blood 
the arterial unsaturation would need to be from 
4 to 4 5 volumes ^c, or the unsaturation of the 
venous blood — that in the arteries being normal 
— 11 to 13 volumes ‘y Meakins and Davies 
(1920) found that when the veins of the arm 
were obstructed in normal individuals cyanosis 
was just detectable when the venous blood 
reached an unsaturation of 11 4 volumes 

These facts may be clarified by examples If 
the blood as it leaves the lungs contains only 
15 5 volumes of oxygen, i e , if it has an un- 
saturation of 4 5 volumes and the tissues ab- 
stract the usual quantity of oxygen, namely 5 
volumes 'y, the unsaturation of the venous 
blood will be 9 5 volumes % and that of the 
capillary blood 

1/2 (4 5 “h 9 5) = 7 volumes 
(7 X 0 75 = 5 2 g Hb) 

If on the other hand the arterial unsaturation 
IS around the normal value of 0 5 volume but 
as a result of slowing of the circulation each 
unit volume of the blood gives up a greater 
quantity of oxygen, and the venous unsatura- 
tion IS increased to say 13 volumes y, the av- 
erage unsaturation of the capillary blood will be 

^ 2(0 5 + 13) = 6 7 volumes ^0 

In either of these instances slight cyanosis 
would be expected to appear 

Let us now consider what occurs when the 
hemoglobin percentage is above or below the 
normal value 

In anemia the amount of hemoglobin is 
below normal, and the oxygen capacity of the 
blood is correspondingly lowered If the hemo- 
globin content be only 30% of the normal, the 
volumes per cent of oxygen in the arterial 
blood, though the latter be fully saturated, will 
be only about 6 volumes %, 1 e , the quantity of 
hemoglobin in 100 ml of blood is less than 5 g 
It IS obvious that such a person could not be- 
come cyanotic even if all his hemoglobin were 
in the reduced state A patient whose hemo- 
globin was, say, 60% (oxygen capacity 12 vol- 
umes %) would, like one with a normal hemo- 
globin content, become cyanotic when his ar- 
terial blood reached an unsaturation of about 
4 5 volumes %, that is when his capillary blood 


had an average unsaturation of around 7 vol- 
umes % But the oxygen want of the anemic 
subject would be greater than that of the sub- 
ject with a normal hemoglobin content since in 
the case of the former 4 5 volumes constitute 
nearly 40% of the oxygen capacity of his blood 
In a less enlightened age when bleeding was 
resorted to for the relief of cyanosis, the bril- 
liant success of that procedure is not to be 
wondered at — nor that the patient died In the 
hypokinetic type of anoxia the unsaturation of 
the venous blood of a subject with 60% hemo- 
globin content could not reach the value neces- 
sary to produce cyanosis until all the hemo- 
globin was m the reduced state Thus ^' 2(1 -f- 
12) = 6 5 volumes unsaturation of the capil- 
lary blood 

In polycythemia, in which the hemoglobin 
content is, say, double the normal (oxygen ca- 
pacity 40 volumes %), cyanosis occurs in very 
mild degrees of anoxemia At an arterial unsat- 
uration of 4 5 volumes % the polycythemia sub- 
ject would have the same degree of cyanosis as 
an ordinary person with this quantity (5 g ) of 
reduced hemoglobin in his blood But m the 
polycythemic subject with a hemoglobin con- 
tent of 2(X)%, 4 5 volumes % is only 11% of the 
oxygen capacity of his blood, in the person with 
a normal hemoglobin content it constitutes 
22 5% The oxygen want m the former would 
be relatively slight as compared with that of the 
latter Or put in another way and including the 
anemic subject — if the anoxemia were of the 
same degree in each, the anemic person would 
show little or no cyanosis, the polycythemic, a 
cyanosis of high degree and the normal subject 
a color intermediate in intensity In a person 
with an abnormally high blood count a degree 
of slowing of the peripheral blood flow which 
would be without effect upon one possessing a 
normal hemoglobin content will result in cy- 
anosis Thus in regions such as the face, ear 
lobes, and hands, where the cutaneous vessels 
are well filled with blood, cyanosis is readily 
induced in the polycythemic subject by expo- 
sure to cold In certain conditions associated 
with arterial anoxemia, e g , emphysema (p 
6-73) and congenital heart disease, the red cell 
count IS increased, and the cyanosis, in conse- 
quence, enhanced It will be evident from these 
examples that the presence of cyanosis indi- 
cates anoxia but the absence of cyanosis does 
not rule out the possibility of anoxia 
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THE FACTORS WHICH INFLUENCE THE 
DEPTH OF CYANOSIS CAUSED BY A 
GIVEN QUANTITY OF REDUCED 
HEMOGLOBIN 

The State of Cutaneous Capillaries When 
these are dilated more of the dark -colored 
blood will be present in the skin than when 
they are constricted In the former instance 
cyanosis will of course be more pronounced 
Increased carbon dioxide tension in the periph- 
eral blood causes capillary dilation, therefore, 
when retention of this gas accompanies oxygen 
want, as in venous congestion of superficial re- 
gions, etc the cyanosis is intense If the periph- 
eral vessels are strongly constricted, as in 
shock, cyanosis may be inconspicuous 

Pigmentation and Thickness of the Skin 
These factors obviously will modify the depth 
of the cyanotic color Cyanosis is more clearly 
evident in regions where the skin is thin and 
unpigmented The yellow discoloration of the 
skin caused by an excess of bilirubin m the 
blood (jaundice) tends to modify the cyanotic 
tint, but since the former stains the skin itself, 
while the discoloration due to reduced hemo- 
globin is confined to the capillary vessels, jaun- 
dice is likely to be just as intense m regions 
where the skin is thick as in those where it is 
thin The cyanotic discoloration can be tempo- 
rarily abolished by pressure upon the skin 
whereas the icteric staining cannot Cyanosis 
does not appear m the conjunctivae but these 
are deeply colored in jaundice 

Therapeutic Procedures* 
Oxygen Therapy 

Oxygen administration is of great value in 
combating acute arterial anoxia as may occur in 
pneumonia, pulmonary edema, or obstruction 
to breathing, as well as in states such as conges- 
tive heart failure, or coronary thrombosis when, 
though the arterial blood contains the usual 
amount of oxygen, the tissues, owing to impair- 
ment of the circulation, suffer from a deficiency 
of oxygen 

The chronic anoxia due to anemia, in which 
the hemoglobin is saturated with oxygen to the 
normal degree, is treated preferably by meas- 
ures directed to the disease itself rather than by 
oxygen therapy In failure of the circulation, 
the inhalation of 100% oxygen will increase the 
oxygen content of the blood to revive a flagging 


respiratory center But the anoxia due to a 
shunt of blood from the right to the left side of 
the heart (p 6-76) or through a similarly com- 
pletely unaerated portion of the lung will not 
be much benefited by oxygen inhalations, it is 
not possible to make the blood supplying 
healthy and well-aerated alveoli absorb any 
important amount of extra oxygen and so com- 
pensate for the shunted blood 

When, however, the diffrision coefficient of 
oxygen {chap 6 1) through the alveolar mem- 
brane IS reduced as a result of edema, thicken- 
ing, or a coating of fluid, oxygen administra- 
tion by raising the pressure of the gas in the 
alveolar air will increase its rate of diffusion 
across the pulmonary epithelium The oxygen 
saturation of the blood flowing through the 
damaged pulmonary tissue is increased 

Consequently, in broncho- or lobar pneu- 
monia when such changes are responsible for 
the anoxemia, in emphysema or m pulmonary 
edema whether from cardiac or pulmonary dis- 
ease or from gas poisoning, the success of ox- 
ygen administration is often spectacular Anox- 
emia possibly promotes an increase m transu- 
dation of fluid into the alveoli In other words, 
a vicious circle may be established — edema 
inducing anoxemia and the latter increasing 
the edema— which is broken by oxygen admin- 
istration 

Anoxemia due to rapid shallow breathing is 
relieved by oxygen treatment since the oxygen 
tension of poorly ventilated alveoli is raised 
thereby The shallow breathing itself is hkely to 
persist since it is primarily due to the local 
process m the lung acting upon the nerve end- 
ings rather than to the anoxemia Therefore, 
this type of breathing could, no more than the 
pulmonary lesion itself, be expected to be abol- 
ished by oxygen treatment 

It has been said that when the arterial blood 
contains the normal quantity of oxygen, namely 
about 19 5 volumes % (saturation 97 5%) as m 
the hypokinetic type of anoxia of congestive 
heart failure, oxygen inhalation cannot be of 
any great value, since the oxygen saturation 
can be raised only to 100%, and the total ox- 
ygen content increased by 2 2 volume (an 
increase of 1 7 volumes in simple solution to- 
gether with 0 5 volumes combined with hemo- 
globin) That IS, the total oxygen content of a 
person breathing 100% oxygen will be 21 7 vol- 
umes %- But this increase of 2 2 volumes % 
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(representing an increase in O 2 content of 
IS as pointed out by Comroe and Dripps (1950) 
of the highest importance m anoxia, for it 
raises very considerably the pressure at which 
oxygen is^delivered to the tissues For example, 
when a patient is breathing ordinary air, every 
100 ml of blood in passing through the capil- 
laries loses 7 volumes of O 2 (normal about 5 
vol ), and, therefore, leaves the venous end of 
the capillary with a content of 12 5 volumes %, 
IS 63 saturated, and has a PO 2 of around 32 
mm Hg Now when lOO'^ oxygen is breathed 
the extra 2 2 volumes in the arterial blood is 
given up on entering the capillaries, which re- 
duces the oxygen saturation only to that ex- 
isting under ordinary conditions in the arterial 
blood, namely, 97 5^o But the tissues owing to 
the slowing of the circulation abstract a further 
4 8 volumes to satisfy their need of 7 vol- 
umes The venous blood, therefore, contains 
14 7 volumes % of oxygen, and is over 73 sat- 
urated, instead of about 639c without oxygen 
administration, the POj is nearly 40 mm Hg 
Thus the tissues are supplied with oxygen at a 
virtually normal head of pressure In congestive 
heart failure, therefore, especially if there is 
generalized edema, the administration of ox- 
ygen is often of great benefit 

METHODS OF ADMINISTRATION 

Oxygen is given usually by means of a nasal 
or oral-nasal catheter, by a specially designed 
face mask, or the patient is placed in a hood- 
tent or airtight cabinet in which the O 2 per- 
centage IS maintained at the required concen- 
tration Carbon dioxide (5 to 10%) is sometimes 
added, especially in CO poisoning, persistent 
hiccough and postoperative atelectasis, in order 
to encourage lung expansion In an oxygen 
tent the patient’s own breath may raise the 
CO 2 to the range of 1 to 2% 

In normal persons the breathing of 100% 
oxygen often causes a slight initial reduction of 
breathing of about 3% In anoxia, a much more 
pronounced depression or even complete cessa- 
tion of breathing may occur This so-called 
oxygen apnea may be very alarming, especially 
during anesthesia But it is a sure indication of 
the existence of anoxia and the need for oxygen 
therapy Before oxygen administration the 
center had been driven by impulses from the 
peripheral chemoreceptors, the relief of the 
anoxia has abolished this source of stimulation 
In chronic anoxia, such as may be seen in 
congestive heart failure and pulmonary emphy- 


sema, especially when there is also carbon di- 
oxide retention, the patient may pass into coma 
when oxygen is administered The unfavorable 
effects following administration of O 2 under 
these conditions are attributable to the further 
rise m PCO 2 which occurs as a result of the de- 
pression of breathing 

Another effect of oxygen inhalation is the 
elimination of nitrogen A man of average 
weight (70 kg) breathing oxygen eliminates 
about 18 ml of nitrogen/mm The rate of re- 
moval of the gas from all tissues is not however 
the same, it is removed most rapidly from the 
blood and the most vascular parts of the brain 
Pure oxygen is, therefore, administered to di- 
vers to prevent decompression sickness, and to 
pilots before high altitude flights 

Helium (atomic weight 4, (4 density that of 
nitrogen) is lighter than any other gas except 
hydrogen Barach has applied this physical fact 
to reduce the respiratory effort in asthmatic 
attacks, in those suffering from laryngeal or 
tracheal obstruction and in certain other types 
of dyspnea A gas mixture is used in which he- 
lium is substituted for nitrogen (oxygen, 21%, 
helium, 79%) For the relief of anoxemia the 
oxygen percentage may be increased to 60 or 
70% 

Effects of Prolonged Breathing 0 5 to 1 At- 
mosphere of 0 2 ni effects other than the “ox- 
ygen apnea” described above may result from 
prolonged administration of oxygen Commonly 
subjects complain of substernal distress in 4 to 
16 hr after beginning to breathe 100% O 2 at 
sea level The symptom usually persists for 
some hours after the patient resumes breathing 
of atmospheric air The pain evidently is re- 
lated to tracheobronchitis, and it is not a 
problem unless oxygen tension in inspired air is 
in excess of 0 5 of an atmosphere Other mani- 
festations of toxicity produced by breathing 70 
to 1009c O 2 at a pressure of 1 atm include fa- 
tigue, paresthesias in the hands and feet, joint 
pain, anorexia, nausea, and vomiting The 
cause of these S 3 miptoms are unknown (Comroe 
and Dnpps, 1950) 

In the ordinary clinical management of pa- 
tients when oxygen is given in a tent or by 
nasal catheter oxygen toxicity does not become 
a factor since the 0 2 content in inspired air is 
rarely, if ever, increased to above 50% Higher 
levels can be achieved if a close-fitting mask is 
used in the absence of rebreathing or if the sub- 
ject IS placed in an enclosure into which oxygen 
is introduced. 
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Effects of Oxygen Pressures Greater Than 1 
Atmosphere By placing the patient in a pres- 
sure chamber it is possible to administer ox- 
ygen under a pressure of more than 1 atm 
Recently this method has been used for treat- 
ment of carbon monoxide poisoning, and its 
usefulness for other purposes is being investi- 
gated extensively (see Lambertsen, Bond, and 
Jacobsen, II, 1965) When oxygen is breathed 
at pressures around 2 to 4 atm severe symp- 
toms indicating dysfunction of the higher cen- 
tral nervous system are experienced These in- 
clude mood swings, indifference, loss of judg- 
ment, somnolence, irrational apprehension, and 
finally convulsions of the grand mal type The 
latter are followed by automatism and amnesia 
Vertigo also is a common symptom of oxygen 
poisoning The cause of the symptoms is not 
clear Reduction in the CO 2 carrying capacity 
of the blood, with a corresponding rise in CO 2 
tension and cH m the tissues and venous blood, 
has been shown to occur in experimental ani- 
mals, but it is not known if the symptoms in 
man are related entirely to these changes 
(Bean, 1945) 

Mice die within 20 to 25 mm when exposed 
to an oxygen tension of 8 atm , whereas a pres- 
sure of 8 atm of air is tolerated well 

Effects of Breathing Air at Very High Pres- 
sures (Nitrogen Narcosis) The inert gases, in- 
cluding nitrogen, at certain pressures display 
the typical properties of anesthetic agents 
Whereas surgical anesthesia is produced in pa- 
tients breathing 80% of an atmosphere of ni- 
trous oxide or xenon, about 38 atm of nitrogen 
has been calculated to be necessary to have this 
effect In experimental animals a pressure of 30 
atm of nitrogen is required to abolish righting 
reactions However, symptoms referrable to 
impairment of function of the central nervous 
system occur in an individual exposed to 6 atm 
of nitrogen (the equivalent of about 200 ft 
below the surface of water) Helium -oxygen 
mixtures have less anesthetic action than ni- 
trogen-oxygen mixtures, hence divers breathing 
helium-oxygen can descend to much greater 
depths without the development of mental ab- 
errations 

Resuscitation 

Until the last few years Schafer’s prone pres- 
sure method of artificially inflating the lungs 
was most widely practiced But today either the 
Holger-Nielson or the mouth-to-mouth method 
is preferred 


HOLGER-NIELSON OR BACK-PRESSURE- 
ARM-LIFT METHOD 

After loosening the clothing around the neck 
and chest, drawing the tongue well forward, 
and wiping fluid, mucus, etc , from the mouth 
and throat in order to allow free passage of air, 
the subject is laid in the prone position (chest 
down) The arms are abducted at the shoulders 
to he at right angles to the trunk and bent at 
the elbows (see Fig 6 40) The head is turned 
to one side with a cheek resting on the hands 
The operator places himself m front of the sub- 
ject with one knee resting beside his head and 
near his forearm The foot of the operator’s 
other side is planted near the subject’s opposite 
forearm Then the operator places his hands, 
with fingers spread apart, upon the subject’s 
back, thumbs touching, and on an imaginary 
line joining the axillae He then sways forward, 
bringing his weight to bear through his arms 
and hands upon the subject’s back The oper- 
ator should hold his arms straight at the el- 
bows This movement compresses the chest and 
imitates natural expiration The operator then 
seizes the subject’s arm above the elbows and 
draws them forward, at the same time as he 
himself straightens up This position which 
expands the chest and simulates natural inspi- 
ration is held for 2 sec He then swings forward 
again and repeats the first phase The double 
movement is repeated about 12 times a minute 

MOUTH-TO-MOUTH METHOD 

In a symposium published in the May, 1958 
issue of the Journal of the American Medical 
Association it is stated that mouth-to-mouth 
resuscitation is superior to all manual methods 
for all age groups It is reported to be the only 



Fig 6 40 Illustrating the Holger-Nielsen method of 
resuscitation (From first Aid Metropolitan Life Insurance 
Company ) 
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technique capable of producing adequate venti- 
lation m all cases The single most important 
factor preventing adequate ventilation in this 
and some other methods, is mechanical ob- 
struction of the airway by the tongue Proper 
extension of the neck and elevation of the jaw 
eliminates this obstruction To perform mouth- 
to-mouth resuscitation the subject is placed in 
the supine position with the head extended and 
the rescuer at the side of the head The rescuer 
grasps the lower jaw of the subject between his 
thumb and index finger and lifts it vertically 
upward The other thumb and index finger are 
used to clamp off the nostrils The rescuer then 
places his mouth over the subject’s mouth and 
exhales into the airway a volume about two 
times the normal tidal volume (Fig 6 41) 
Volume and pressure required are easily judged 
by the rescuer He inflates the subject’s lungs 
and thorax and notes the expansion of the 
chest The rescuer then removes his mouth 
from that of the subject to allow him to exhale 
The procedure should be performed about 12 to 
20 times /min 

The effectiveness and ease of performance of 
this type of resuscitation is improved by the use 
of an anesthesia face mask, or an oropharyngeal 
airway or an endotracheal tube 

During recent years several methods have 
been developed for the long continued applica- 
tion of artificial respiration by various mechan- 
ical devices This work was begun by Thunberg 
in Lund, who devised an apparatus called the 
barospirator The subject was placed inside a 
metal chamber in which the pressure was raised 
and lowered rhythmically by means of the 
stroke of a large piston The interchange of air 
within the lungs was caused by a rise and fall of 
pressure of the air in the external atmosphere 
This apparatus was effective and a model was 
built large enough to accommodate patient, 
nurse, and doctor All three were ventilated 
without movement of the chest A certain 
amount of discomfort was experienced in this 
cabinet due to the change in pressure on the 
two sides of the eardrum during the increase 
and decrease of air pressure A more generally 
applicable model was produced by Drinker at 
Harvard In this type the patient’s head remams 
outside the cabinet (Fig 6 42) The chest is ex- 
panded by reducmg the pressure withm the cabi- 
net and as the pressure is raised agam, the nat- 
ural elasticity of the lung causes expiration 
Forced expiration, however, may be produced 
by raising the pressure above atmospheric Pa- 


tients have been adequately ventilated with this 
apparatus for many months Some difficulty is 
occasionally encountered m the regulation of the 
rate and depth of respiration, but by determm- 
ing the oxygen saturation of the arterial blood or 
watching for signs of cyanosis an observer can 
usually regulate the ventilation quite satisfac- 
torily 

Two other types of apparatus should be mentioned, 

1 ) the jacket model of Sahlm which operates like the 
Drinker machine but is applied only to the chest, and 

2) the Bragg- Paul pulsator which consists of a hollow 
elastic bandage placed around the chest The bandage, 
when inflated by an electrically driven bellows, com- 
presses the chest, which returns to the midposition b> 
virtue of its own elasticity during the intervals between 
the compressions 

The pulmotor and other similarly devised 
resuscitators, which force air into the chest and 
suck it out again as though the lungs were 
rubber bags, though so appealing in their me- 
chanical efficiency, are physiologically unsound 
They are not only less effective than other 
methods but may be actually harmful The 
pulmonary tissue may be torn Those machines 
which inflate the lungs with an oxygen-carbon 
dioxide mixture, and permit expiration to take 
place simply by interrupting the air current and 
thus permitting collapse of the thorax, are 
sounder in principle, but precautions are nec- 
essary to insure that pressures produced in the 
lungs will not be excessive 



Fig 6 41 Mouth-to-mouth method of artificial respi 
ration (Courtesy of Dr John Henderson and Duell Sloan, 
Pierce and Company Publishers New York ) 
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Fig 6 42 The Drinker respirator 1 pumps 2 motor 3 vents 4 alternate 5 valves 6 manometers 7 externa! 
shutters 8 adjustment for head rest 9 adjustable ring to hold collar m place 


A mixture of oxygen and carbon dioxide (5^c 
or 10‘^f of the latter) commonly is used for re- 
suscitation The high tension of CO 2 combined 
with the rhythmical inflation and deflation of 
the lungs, which presumably cause the dis- 
charge of afferent impulses, encourages the re- 
turn of spontaneous breathing 

RESUSCITATION OF THE NEWBORN 

Asphyxia in the newborn infant is usually 
due to the failure of the lungs to expand fully, 
alveoli in areas of the pulmonary tissue re- 
maining in the fetal state (atelectasis) The 
methods of resuscitation which may be effective 
m the adult are likely to fail Cutaneous stimu- 


lation, e g , slapping, hot or cold water, are 
time honored devices which are usually unsuc- 
cessful The object aimed at should be the ex- 
pansion of the collapsed alveoli, and when the 
infant makes no respiratory effort this is best 
accomplished by the insufflation of the lungs 
with a carbon dioxide-oxygen mixture, carried 
out by the passage down the trachea of a tube, 
to the outer end of which a rubber bag filled 
with the gas mixture is attached When the 
breathing is not completely suspended but is 
weak, and the infant cyanosed, inhalations of a 
carbon dioxide-oxygen mixture are employed 
Also mouth-to-mouth resuscitation is quite 
effective in infants 
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INTRODUCTION TO ENDOCRINE 
CONTROL SYSTEMS 


Signals that allow an animal to respond to 
changes in its environment are transmitted 
either by spread of depolarization through 
nerves or by release of hormones into the 
blood A hormone is a substance that is pro- 
duced by a gland or specialized neurosecretory 
cell, is often stored in this cell, and is released 
mto the blood in response to some specific 
stimulus Release may be triggered either by a 
nerve impulse or by a change in the concentra- 
tion of some substance in the blood which is 
perfusing the gland (Fig 7 1) When the hor- 
mone reaches its target cells, it modifies the 
function of the cell to remove the stimulus 
that originally caused release of the hormone 
This “negative-feedback” system operates to 
maintain homeostasis within the organism 
Signals transmitted through nerves have the 
advantage of speed and localization to single 
cells within a large group of similar cells On 
the other hand, a hormone affects cells of 
varying type over longer times 
The major endocrine glands and hormones 
that are of importance in controlling body 
function will be discussed in this section 
These include 

Hypothalamus thyrotropin-releasing factor 
(TRF), corticotropm-releasmg factor (CRF), 
growth hormone-releasing factor (GRF), fol- 
licle-stimulating hormone-releasing factor 
(FRF), leutinizing hormone-releasing factor 
(LRF), and prolactm-inhibitory factor (PIF) 
Hypophysis thyrotropin (TSH), adrenocor- 
ticotropic hormone (ACTH), growth hormone 
(GH), follicle-stimulating hormone (FSH), leu- 
tinizing hormone (LH), prolactin, melanocyte- 
stimulating hormone (MSH), vasopressin, and 
oxytocin 

Thyroid thyroxine, triiodothyronine, and 
calcitonin 

Parathyroid parathyroid hormone 
Pancreatic islets insulin and glucagon 
Adrenal glucocorticoids, mineralocorticoids, 
androgens, epinephrine, and norepinephrine 


Ovary estrogen and progesterone 

Testes testosterone 

Skin vitamin D 

Hormones involved in control of the gastroin- 
testinal tract, cardiovascular system, and 
kidney are discussed m other sections of this 
text 

METHODS OF IDENTIFYING ENDOCRINE 
GLANDS AND HORMONES 

Removal of a gland that is suspected of en- 
docrine hmction is often an initial approach to 
defining its function For example, when the 
anterior lobe of the pituitary is removed, there 
are important abnormalities m the animal 
These are a) arrested growth, b) atrophy of the 
gonads, and indirectly of the accessory organs 
of sex, c) suppression of milk secretion and 
involution of the mammary glands, d) atrophy 
of the thyroid and adrenal cortex, e) lowered 
metabolic rate, /) a tendency to hypoglycemia 
and reduction in liver and muscle glycogen, 
and g) depression of spontaneous activity and 
diminished resistance to infection and shock 
Since this gland secretes hormones that con- 
trol other endocrine glands, effects of hypoph- 
ysectomy are widespread This example 
emphasizes the range of functions that depend 
upon endocrine function 

The second step in identifying the function 
of an endocrine gland is to make an extract of 
the tissue and to administer the extract to a 
hormone-deficient animal in the hope that it 
will correct the abnormalities that are present 
One of the classical demonstrations of the ef- 
fect of an extract on such an abnormality was 
provided by F G Banting and C H Best, one 
of the original editors of this textbook When 
the pancreas is removed from dogs, the glucose 
content of the blood begins to rise within a 
short time, the urine gives a positive test for 
sugar, nitrogen excretion is elevated, and 
death occurs within 2 or 3 weeks Banting and 
Best (1922) were the first to obtain an extract 
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Fig 7 1 The relationship between the nervous system and ihe endocrine system nerve pathway vascu 

lar pathway Note that neurosecretory structures the hypothalamus neurohypophysis and adrenal medulla are regu 
lated by a direct nerve supply whereas the activity of other glands is controlled by humoral or hormonal agents earned 
m the blood 


of the pancreas that would reverse these abnor- 
malities of diabetes in the completely depan- 
creatized dog (Fig 7 2) Subsequently, Abel et 
al (1927) crystallized insulin from extracts of 
pancreatic tissue 


Once a hormonal activity has been identified 
in an extract of a gland, the substance respon- 
sible for the activity must be purified and the 
chemical structure determined Since many of 
the hormones are peptides or proteins, struc- 
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Fig 7 2 Effect of insulin of the blood sugar curve of a 
depancreatized dog 7) Injection of extract of degenerated 
pancreas 2) extract after incubation with pancreatic 
juice and 3) extract incubated without pancreatic juice 
(Redrawn from Banting and Best 1922) 

tures of this class of hormones have been de- 
termined only m the past 20 years Structures 
of the steroid hormones yielded more rapidly 
to chemical analysis and these structures have 
been determined during the past 50 years In 
these regards, endocrinology is a science of the 
20th Century since E H Starling first used 
the word “hormone” m 1905 in referring to the 
activity of secretin, a gastrointestinal hor- 
mone 

SYNTHESIS AND RELEASE OF 
HORMONES 

Endocrine glands have certain anatomical 
features in common 1) They are typical glands 
(except for the hypothalamus and neuro- 
hypophysis which belong to a special class of 
neurosecretory organs) in that they are com- 
posed of masses of secretory cells arranged in 
columns or clumps These cells may occa- 
sionally, as in the case of the thyroid, be 
arranged m alveoli or acini with their secretory 
product stored in the lumen More commonly, 
however, the hormones or their parent sub- 
stances are stored as granules or droplets in 
the cells 2) Although glandular m nature, no 
ducts are present 3) Since the blood functions 
as a “duct” and carries off secretory products, 
they are richly vascularized 

Protein hormones are synthesized on ribo- 
somes that are attached to the endoplasmic 
reticulum The hormone is packaged into 
storage or “zymogen” granules in the Golgi 
apparatus The type of granule that is formed 
varies from one cell to another and serves as a 
means of identifying the hormone that is in 
the granule Release of hormone involves a 
process known as emiocytosis or reverse pino- 


cvtosis The membrane ot the storage granules 
fuses with the plasma membrane of the ceil 
and the product is released into the interstitial 
space 

Steroid hormones are synthesized from cho- 
lesterol by a complicated series of reactions 
that occur in both the cytoplasm and mito- 
chondria of these cells These cells are particu- 
larly rich in mitochondria and m some in- 
stances adaptations of mitochondrial structure 
to facilitate steroid synthesis are present In 
these glands the substrate for steroid syn- 
thesis, cholesterol is stored m lipid droplets as 
cholesterol esters When the gland is stimu- 
lated to produce hormone, it is synthesized 
either from this stored precursor or from cho- 
lesterol that is present in the plasma 

ASSAY OF HORMONES 

Hormones have effects when present m ex- 
tremely low^ concentrations As a result, assa\ 
methods that are sufficiently sensitive and 
specific have been difficult to develop Ini- 
tially, ail hormones were measured by bioas- 
says that were dependent upon the effect of a 
hormone on either a living animal or tissue 
preparation These assays are often insensitive 
and nonspecific When the structure of some 
hormones was determined, chemical assays 
were devised Thyroid hormone and adrenal 
and gonadal steroids are satisfactorily esti- 
mated by these methods 

A particularly difficult problem is the esti- 
mation of peptide hormones m the concentra- 
tions normally found m plasma, milhmicro- 
gram per milliliter Since other proteins are 
present in the range of milligrams per milli- 
liter, it is not possible to punfv and quantitate 
peptide hormones by the usual techniques ot 
fractionation A special method of assay was 
devised by Berson and Yalow (1964) and is 
known as a radioimmunoassay In order to use 
this method, a pure hormone must be prepared 
by the gland which synthesizes the compound 
This hormone is injected into an appropriate 
species of animal Since the Animal reacts to 
the hormone in the same manner as it does to 
other foreign protein, antibodies against the 
hormone are formed After repeated injections 
of hormone are given, the serum of the animal 
contains a high titer of antibody against the 
purified hormone This serum can be used to 
measure the immunoreactive hormone m 
plasma and other body fluids It should be 
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stressed that immunological reactivity rather 
than biological activity is measured If inactive 
fragments of hormone react with the antibody 
or if hormone is bound to components in the 
plasma that prevent its interaction with anti- 
body, these activities may not be the same 
Once a potent antibody to a pure hormone is 
available, it can be used to measure plasma 
levels of peptide hormones An example of the 
use of this method to measure plasma levels of 
growth hormone is shown in Figures 7 3-7 5 
The basic principle is to set up competitive 
reactions between radioactively-labeled hor- 
mone and unlabeled hormone for this specific 
antibody (Fig 7 3) Radioactive hormone is 
prepared by reaction of a portion of the tyro- 
sine residues of the protein with After 
incubation of the mixture of labeled and unla- 
beled hormone with the antibody, labeled 
hormone which is antibody-bound is separated 
from free hormone by electrophoresis (Fig 7 4) 
The fraction of labeled hormone that is anti- 
body-bound decreases as more unlabeled hor- 
mone is added to compete for the antibody 

Unlabeled-HGH 
{in known standards or 
Free labeled-HGH (F) in body fluids) 

+ + 

specific antibody specific antibody 

IT T1 

Antibody-bound labeled- Antibody-bound 

HGH (B) unlabeled-HGH 

Fig 7 3 Competing reactions that form the basis of 
the radioimmunoassay of human growth hormone (HGH) 
(From Yalow and Berson 1968 ) 



Fig 7 4 Paper radiochromatoelectrophoretogram of 
mixture of diluted HGH antiserum and human 

plasma after incubation at 4° C Free HGH-^®H is ab- 
sorbed to the paper at the origin antibody bound hor- 
mone has migrated with the plasma protein and iodine - 
131 released from the labeled hormone during incubation 
has migrated farther than the plasma proteins (From 
Yalow and Berson 1 968 ) 
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Growth Hormone 
Concentration 
mjug/ml 

Fig 7 5 Standard curve for HGH assay B/F ratio 
in standard solutions is plotted as a function of human 
growth hormone concentration (From Yalow and Ber 
son 1 968 ) 

The ratio of bound/free human growth hor- 
mone (HGH)-^®^I IS a function of the quantity 
of unlabeled hormone that is added (Fig 7 5) 
Once this relationship is established with hor- 
mone standards, it can be used to assay 
plasma levels Radioimmunoassays have been 
established for insulin, glucagon, FSH, LH, 
prolactin, TSH, adrenocorticotrophic hormone 
(ACTH), a-MSH, /3-MSH, vasopressin, para- 
thyroid hormone, and calcitonin in addition to 
growth hormone 

Recently, the principle of radioimmunoassay 
has been applied to the assay of nonprotein 
hormones This method is based on the pres- 
ence of specific binding proteins for steroid 
and thyroid hormones in plasma In normal 
plasma, a large fraction of these hormones are 
specifically bound to carrier proteins Compe- 
tition between labeled and unlabeled hormone 
for binding has been used and standard curves 
similar to those of Figure 7 5 have been de- 
scribed Using this method, sensitive assays for 
thyroid hormone, adrenal steroids, and go- 
nadal steroids have been established 
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mechanism of hormone action 

When a hormone reaches its target celi, it 
must affect the intracellular metabolism in 
order to modify cell function Peptide and pro- 
tein hormones are large molecules, however, 
and will not enter cells readily unless special- 
ized transport systems are present In the case 
of insulin, the hormone appears to affect cell 
metabolism by binding to receptors on the sur- 
face rather than by entering the cell itself If 
the hormone is restricted to surface binding, 
two mechanisms of action suggest themselves, 
1) a hormonally-induced change m membrane 
permeability for substrates or ions, and 2) pro- 
duction of a “second messenger” within the 
cell that will transmit the signal of the hor- 
mone (Fig 7 6) 

Hormonal control of permeability is well- 
documented for ions, glucose, and amino acids 
Increased entry of glucose into cells, which is 
mediated by a special transport system, is the 
major way m which insulin controls glucose 
utilization by muscle Other hormones that 
change membrane permeability include growth 
hormone, glucagon, glucocorticoids, estrogen, 
testosterone, and vasopressin Whether 
changes in membrane permeability are pri- 
mary or secondary effects of these hormones is 
uncertain 

Many hormones regulate intracellular me- 
tabolism via a second-messenger, 3'-5'-cychc 
adenosine monophosphate (cyclic AMP) Suth- 
erland and co-workers (1965) discovered this 
compound and established its role in hormone 
action In this system (Fig 7 7), the hormone 
binds to a receptor on the cell surface that is 
part of adenyl cyclase, the enzyme involved m 
formation of cyclic AMP Adenyl cyclase uses 
ATP as substrate and produces cyclic AMP 


(1) Endocrine Gland 
-t- Stimulation 


Hormone (first messenger) 

Cell Membrane 


Cyclic Nucleotide (second messenger) 


(2) Hormone -f Cell 
Membrane 


En 2 yme(s) 

Permeability Barriers 
Third Messenger 

Fig 7 6 The two-messenger system (From Suther- 
land Oye and Butcher 1965) 



Fig 7 7 The two messenger system involving adenyl 
cyclase (From Sutherland Oye and Butcher 1965) 


and inorganic pyrophosphate as products In- 
tracellular levels of cyclic AMP are most 
commonly controlled by changes in the ac- 
tivity of adenyl cyclase Destruction of the 
messenger by phosphodiesterase also effects 
cyclic levels This enzyme is inhibited by 
methyl xanthines, such as caffeine, which re- 
sults m much higher cyclic levels in response 
to activation of adenyl cyclase Mechanisms 
involved in the regulation of cell metabolism 
by cyclic AMP are under intensive study Ef- 
fects of the second messenger on the following 
types of events have been described 1) 
changes m membrane permeability to ions, 
water, and amino acids, 2) release of stored 
hormone from endocrine glands, 3) modifica- 
tion in the rate of enzymatic reactions, and 4) 
induction of enzyme formation Recently a 
cyclic AMP-dependent protein kinase has 
been identified This enzyme may be involved 
in a number of these effects When protein 
kinase is activated by cyclic AMP, it catalyzes 
the phosphorylation of either enzymes or con- 
trols transcription of deoxyribonucleic acid 
(DNA) by histones The wide range of effects 
which involve cyclic AMP is listed in Table 
7 1 As a result of the diverse role of the second 
messenger, it will be discussed to some extent 
m every chapter of the endocrine section 
Steroid hormones are able to penetrate the 
cell membrane due to their smaller size and 
lipid solubility As a result, these compounds 
are able to modify intracellular metabolism 
directly A model for the effect of estrogen on 
the uterine cell is shown in Figure 7 8 The 
hormone penetrates the cell membrane and 
binds to a receptor protein m the cytoplasm 
Estrogen is transported to the nucleus where it 
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Table 7 1 

Extent of regulation by cyclic AMP 


Known Effects of Cyclic AMP 


Enzyme or process affected 

Tissue 

Change in activity or rate 

Phosphorylase 

Several 

Increased 

Glycogen synthetase 

Several 

Decreased 

Protein kinase 

Several 

Increased 

Phosphofructokmase 

Flatworm 

Increased 

Tyrosine transaminase induction 

Liver 

Increased 

PEP carboxykinase induction 

Liver 

Increased 

Serine dehydratase induction 

Liver 

Increased 

/3-Galactosidase induction 

Bacteria 

Increased 

Overall protein synthesis 

Several 

Decreased 

Glyconeogenesis 

Liver 

Increased 

Ketogenesis 

Liver 

Increased 

Lipolysis 

Adipose 

Increased 

Steroidogenesis 

Several 

Increased 

Water permeability 

Epithelial 

Increased 

Ion permeability 

Several 

Increased 

Calcium resorption 

Bone 

Increased 

Renin production 

Kidney 

Increased 

Contractility 

Cardiac muscle 

Increased 

Tension 

Smooth muscle 

Decreased 

Membrane potential 

Smooth muscle 

Hyperpolarized 

Ammo acid uptake 

Liver and uterus 

Increased 

Ammo acid uptake 

Adipose 

Decreased 

Clearing factor lipase 

Adipose 

Decreased 

Amylase release 

Parotid 

Increased 

Insulin release 

Pancreas 

Increased 

ACTH release 

Anterior pituitary 

Increased 

TSH release 

Anterior pituitary 

Increased 

GH release 

Anterior pituitary 

Increased 

LH release 

Anterior pituitary 

Increased 

Thyroid hormone release 

Thyroid 

Increased 

Calcitonin release 

Parafollicular 

Increased 

Acetylcholine release 

Nervous 

Increased 

Histamine release 

Leukocytes 

Decreased 

HCl secretion 

Gastric mucosa 

Increased 

Fluid secretion 

Insect salivary glands 

Increased 

Discharge frequency 

Cerebellar Purkinje 

Decreased 

Melanocyte dispersion 

Skin 

Increased 

Aggregation 

Cellular slime mold 

Increased 

Aggregation 

Platelets 

Decreased 

RNA synthesis 

Bacteria 

Increased 

DNA synthesis 

Thymocytes 

Increased 

Cell growth 

Tumor cells 

Decreased 


From Sutherland, 1970 
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Uterine Cell 



Fig 7 8 Model of estrogen interaction with the 
uterine cell The steroid binds with a cytoplasmic recep- 
tor which transfer it to the nucleus The nuclear receptor 
facilitates the role of steroids m controlling DNA tran- 
scription (Adapted from Gorski et al 1968) 

IS transferred to a nuclear receptor protein 
Steroid hormones appear to modify cell me- 
tabolism by inducing new enzyme formation 


This type of control is exerted by regulating 
the transcription of portions of DNA resulting 
in formation of messenger ribonucleic acid 
(RNA) Messenger RNA leaves the nucleus 
and IS translated by the protein synthesis 
pathway in the cytoplasm Effects of steroid 
hormone usually require an hour or so to be 
exerted and may be blocked by inhibitors of 
RNA and protein synthesis 

Steroid hormones are known to exert ‘‘per- 
missive effects” on the action of other hor- 
mones This term means that the effect of rap- 
idly acting hormones, such as glucagon, de- 
pend upon the presence of normal levels of 
steroid hormones m order to exert their effects 
Since steroid hormones modify enzyme levels 
and other cell components, effects of other 
hormones will change in steroid hormone-defi- 
cient animals Control of cell metabolism by 
rapid acting hormones depends upon the cell 
constituents that are already present, sug- 
gesting that the permissive action of steroids 
may also depend upon effects on transcription 




2 / CONTROL OF THE ANTERIOR LOBE OF 
THE PITUITARY GLAND 


The concept of control of anterior pituitary 
gland by higher brain centers has crystalized 
only within the last 10 to 15 years, although 
elements of the portal vessel-chemotransmitter 
hypothesis were appreciated as far back as the 
late 1930 ’s This hypothesis holds that neurose- 
cretory ceils in various areas of the hypothal- 
amus secrete chemical substances into hypo- 
physial portal blood vessels whose primary 
capillary bed lies in the median eminence re- 
gion These substances called hypothalamic- 
releasing factors, are carried by the portal ves- 
sels and enter pituitary sinusoids where they 
promote release of hormone from pituitary 
cells 

The anterior pituitary gland probably con- 
tains a specific type of hormone -producing cell 
for each of the following six protein trophic 
hormones — follicle-stimulating hormone (FSH), 
luteinizing hormone or interstitial cell-stim- 
ulating hormone (LH or ICSH), prolactin 
(LTH) in some species), adrenocorticotropic 
hormone (ACTH), thyroid-stimulatmg hor- 
mone (TSH), and somatotrophin or growth 
hormone (STH or GH) Structures, effects of 
these hormones on target glands, and general 
metabolic effects will be dealt with m chapters 
that follow At the present time, six releasing 
factors have been identified — FSH-releasmg 
factor (FRF), LH-releasmg factor (LRF), corti- 
cotropm-releasing factor (CRF), TSH-releasmg 
factor (TRF), GH-reieasmg factor (GRF), and 
prolactin -inhibitory factor (PIF) These re- 
leasing factors apparently provide a means for 
a precise set of controls that permit the secre- 
tion of trophic hormones in a highly specific 
and selective way 

Some years ago, workers in several laborato- 
ries set out to isolate and define the chemical 
nature of the releasing factors by extracting 
and purifying minute quantities of biologically 
active principles from literally millions of frag- 
ments of hypothalamic tissue In the last 
months of 1969, the structure and artificial 


synthesis of the first releasing factor, TRF, was 
achieved (Burgus et al , 1970, Folkers et al, 
1969) Structures of the remaining factors and 
their mode of action are under study m a 
number of laboratories 

It is the purpose of this chapter to a) briefly 
review the submicroscopic anatomy of the an 
tenor pituitary, h) describe salient features 
concerning the physiology and chemistry of 
the releasing factors, c) discuss possible modes 
of action of the hypothalamic factors on the 
pituitary cell, and finally d) indicate the paths 
that recent studies m this area are taking It is 
important to note that many comprehensive 
and excellent reviews on the physiology and 
chemistry of the releasing factors are available 
to the interested reader Especially good are 
Meites (1970), Burgus and Guillemin (1970b), 
and Schally et al (1968) for the chemistry of 
releasing factors, Meites (1970), Ganong and 
Martini (1969), McCann and Porter (1969), 
and Meites and Nicoll (1966) for various physi- 
ological aspects, and Geschwind (1969, 1970) 
for mechanism of action 

Cytophysiology of the Anterior 
Pituitary 

The diversity of cell types m the anterior 
pituitary gland was first recorded by Schone- 
mann (1892) Since that time results of many 
hundreds of cytological studies make it clear 
that the three major groups of cell types, i e , 
chromophobes, acidophils, and basophils each 
have subclasses within The chromophobes, 
which are devoid of any stainable cytoplasmic 
granules by light microscopy, make up approx- 
imately 55% of the cells in the gland The aci- 
dophils and basophils constitute the re- 
maining 35% and 10%, respectively These 
proportions vary depending upon age, sex, and 
physiological state The acidophils contain 
cytoplasmic granules which take on acid dyes 
while the basophils contain granules which 
stain readily with basic dyes With the excep- 
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tion of the gonadotropins, the experimental 
evidence that one cell type produces one par- 
ticular hormone is convincing 

ELECTRON MICROSCOPY 

Studies of Smith and Farquhar (1966, 1970) 
have clearly demonstrated that it is possible to 
identify at least four of the six cell types pri- 
marily on the basis of secretion granule size m 
their cytoplasms These studies involved ex- 
amination of subcellular changes m pituitary 
tissue removed from animals that had been 
physiologically altered in some predictable 
fashion For example, thyrotrophs have been 
identified m normal glands as cells that con- 


tain cytoplasmic granules 140 mpm in diam- 
eter In glands from thyroidectomized animals, 
these cells are degranuiated and vesiculated 
Similarly, after castration, cytoplasmic vesi- 
cles coalesce to form ‘'signet ring cells” m 
those cells containing 200-mjLi diameter gran- 
ules These ceils are therefore considered go- 
nadotrophs In the lactating female rat, LTH 
secretion is suppressed if the young are sepa- 
rated from the lactating mother Some 10 to 12 
hr after separation there is an accumulation of 
mature secretion granules (600 to 900 mfim ) m 
cells considered to be responsible for LTH se- 
cretion Studies such as these provide not only 
convincing evidence for the identity of a spe- 
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Fig 7 9 Electron micrograph showing a field of cells from the anterior pituitary gland of the rat Several cell types are 
seen which can be distinguished by differences in the nature of their secretion granules Mammotrophs iMT) or pro- 
iactin-secreting cells have the largest granules (600 to 900 mp) and thyrotrophs (77) the smallest (150 mfi) Those of 
somatotrophs (ST) or growth hormone-producing cells are of intermediate size (350 to 400 m^) A small chromophobe 
(C) or nongranulated cell is also present (x 20 000) (Courtesy of M G Farquhar ) 
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citic hormone-producing cell, but also indicate 
that hormone synrhetic and secretory activity 
can be correlated with the ultrastructural ap- 
pearance of the cell (Figs 7 9 to 7 11) 
Immunohistochemical techniques have also 
been used for hormone localization Initially, a 
fluorescent compound was conjugated to the 
hormone antibody but more recently an en- 
z\me, horseradish peroxidase, has been used as 
a conjugate Using this technique Nakane 
(1970) has found that STH, ACTH, LTH, and 
TSH were localized in separate cells (see Fig 
7 12) FSH and LH, however, were frequently 
found in the same cell In general, the results 
from this method confirm that secretion 
granule size serves as a useful marker for the 
identification of pituitary hormone-producing 
cell types 


SUBCELLULAR SITES OF HORMONE 
SYNTHESIS STORAGE AND RELEASE 

The rough, endoplasmic reticulum is 
highly developed in active pituitary cells, sug 
gesting that hormones are synthesized at ths 
site A cell-free pituitary ribosomal system has 
been found to incorporate labeled ammo acids 
not only into protein, but also into ACTH, 
STH, and LTH fractions Furthermore, bio- 
synthesis of LTH and STH was found \o be 
most effective in polysomes containing six to 
seven ribosomal units This finding is in good 
agreement with the predicted polysome size 
requirement for the synthesis of proteins with 
molecular weights of approximately 20 000 
(Adiga et al , 1968) 

It seems reasonably clear that packaging of 



Fig 7 10 Portion of a mammotroph (prolactin secreting cell) from the anterior pituitary of a lactating rat These cells 
are rapidly synthesi 2 mg concentrating and discharging prolactin or lactogenic hormone They show abundant peripheral 
arrays of rough-surfaced endoplasmic reticulum ier) parallel to the cell membrane {cm) a large juxtanuclear Golgi com 
plex {Gc) and many profiles of forming granules iag) Secretory granules are formed in several steps small (100 to 200 
m/i) granules arise within the inner Golgi cisterna pinch off and are found along the concave Golgi face Several small 
granules merge to form larger aggregates iag) of variable shape and the polymorphous images round up to form ovoid 
or elliptical mature granules (s^) which measure 600 to 900 mM (x 21 500) (Courtesy of M G Farquhar) 
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Fig 7 11 Portion of a mammotroph or lactogenic hormone producing cell from a lactating rat A number of secre 
tory granules [sg] are lined up facing the perivascular spaces {PV) Several are undergoing discharge by exocytosis or 
fusion of the granule membrane with that of the cell membrane {arrows) {x 42 000) (Courtesy of M G Farquhar ) 


newly synthesized hormone into secretion 
granules occurs in the Golgi region of the cell 
Several ultrastructural studies suggest that the 
development of the Golgi apparatus is directly 
related to the secretory activity of the cell 
Since the granule size and form seem to be 
characteristic for a given cell type, some speci- 
ficity must exist in the Golgi system of the dif- 
ferent cells to determine the arrangement and 
size of the emerging packet After completion, 
the granule consists of an electron dense core 
surrounded by a membrane derived from the 
Golgi Although there is no direct evidence, it 
seems likely that some of the carbohydrate 
moieties of the FSH, LH, and TSH molecules 
are also attached in the Golgi region Enzymes 
derived from the Golgi, primarily phospha- 
tases, are also packaged m the secretion 
granule (Smith and Farquhar, 1970) 

Secretion granules of different sizes have 
been isolated in highly purified form and a 
major portion of each trophic hormone has 
been associated with an individual granule 
fraction (Fig 7 13) There granules, which re- 
tain their membrane on isolation, contain bio- 


logically active hormone when injected into 
bioassay animals It is of interest that gonado- 
tropins, associated with granules isolated from 
basophils, are in a form which makes them 
extractable m 0 15 M saline Isolated STH 
granules are stable in saline, however, but un- 
stable m the presence of ethylenediamine- 
tetraacetic acid (EDTA), a chelating agent 
These results suggest that divalent cations are 
required for stability of the STH granule Fi- 
nally, purified granule preparations have been 
analyzed by polyacrylamide gel electropho- 
resis Hormones m the isolated granules have 
mobilities similar to those reported for crude 
pituitary homogenates or extracts (Hodges and 
McShan, 1970) Thus, individual hormones are 
associated with granules of different sizes in a 
highly specific fashion 

On the basis of electron microscopic find- 
ings, Farquhar reported some 10 years ago 
(1961) that hormone discharge from the pitui- 
tary cell involved exocytosis or reverse pinocy- 
tosis (Figs 7 11, 7 14) This process involves 
fusion of the granule membrane with the ap- 
ical cell membrane The electron dense com- 
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Fig 7 14 Diagram depicting formation of large (600 
to 900 m/i diameter) prolactin granules in a pituitary 
mamotroph by coalescence of smaller granules formed 
in the Golgi complex During normal lactation the gran 
ules are released as shown in Figure 7 1 1 Upon weaning 
of the young however demands for LTH secretion are 
diminished and the granules follow the path indicated 
by the dotted line Here they are incorporated into auto 
phagic vacuoles and digested by lysosomal enzymes 
(From Fawcett et al 1969 Redrawn after Smith and 
Farquhar 1966) 

ponent of the granule is released into the pen- 
capillary space Since none of this dense com- 
ponent IS found lying free in the perivascular 
connective tissue or within the vascular endo- 
thelium, it has been assumed that the hormone 
rapidly dissolves or undergoes some physio- 
chemical change prior to transport into the 
blood A system for degradation of mature 
hormone is also present in pituitary cells 
Smith and Farquhar (1966) have shown break- 
down of granules containing LTH by lyso- 
somes under conditions where hormone is no 
longer required 

The time required for s 3 mthesis and release 
of hormone molecules has recently been exam- 
med Radioautographic studies with the elec- 
tron microscope indicate that 10 min after 
administration of radioactive amino acid, label 
is found in the endoplasmic reticulum Some 
30 mm later it is concentrated m the Golgi 
complex, and after 90 min labeled secretion 
granules are dispersed in the cytoplasm (Ra- 
cadot et al , 1965) Since the time required for 
synthesis of a hormone molecule on a poly- 
some IS probably no more than 2 mm, the 
above results imply that a relatively long time 
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must elapse before newly synthesized hormone 
can be released into the circulation It ^ould 
be of interest to know if, under conditions of 
rapid hormone release, intracellular packaging 
might not be bypassed 

A.mong the first experiments to provide sup- 
port for neurohumoral control of anterior pitui- 
tary function were those involving a) electrical 
stimulation or lesionmg of the hypothalamus, 
b) interruption of the blood vessels between 
the hypothalamus and the pituitary, or c) 
transplantation of the pituitary gland In 1952, 
Harris and Jacobsohn transplanted pituitaries 
into either the median eminence or temporal 
lobe of hypophysectomized rats Rats with 
transplants in the median eminence mated 
and delivered young, but those with trans- 
plants under the temporal lobe were anestrus 
and had atrophic reproductive organs As an- 
other example, pituitary cells grown in tissue 
culture quickly lose their distinctive staining 
characteristics, but if extracts of hypothalamic 
tissue are added to the culture vessel, the cells 
regain normal staining properties (Meites, 
1970) Many other experiments could be cited, 
but all point to the required integrity of the 
portal blood supply for proper pituitary func- 
tion (Fig 7 15) 

As pointed out by Harris, the region where 
hypothalamic nerve terminals come into con- 
tact with the primary capillaries of the portal 
vessels is the median eminence Examination 
of this area with the electron microscope shows 
a number of granules of varying sizes (1000 to 
2100 A) m addition to the typical synaptic ves- 
icles Preliminary evidence based on gradient 
centrifugation suggests that these granules 
may contain releasing factors (Kobayashi and 
Tokuzo, 1969) Areas of the hypothalamus re- 
sponsible for synthesis and secretion of indi- 
vidual releasing factors have not been clearly 
identified Hence, hypothalamic areas, rather 
than discrete nuclei are discussed when con- 
sidering control of anterior pituitary function 

The following criteria must be satisfied for 
ultimate proof of the releasing factor hypoth- 
esis 

1) Secretory elements m the brain must be 
demonstrated to elaborate a substance within 
diffusion distances of the primary capillary 
plexus of the hypophyseal portal vessels 
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Fig 7 15 D lagram of a midime sagittal section 
through the base of the hypothalamus and pituitary gland 
to show the structures concerned m the regulation of 
anterior pituitary activity Nerve fibers from the hy 
pothalamus (stippled H) enter the median eminence 
{ME) of the tuber cinereum to end on the primary plexus 
of the hypophyseal portal vessels (PV) It is postulated 
that releasing factors pass from these nerve terminals 
jnto the portal vessels and are carried into the anterior 
pituitary iAP) to regulate its secretory activity This is 
probably a similar mechanism to that found in the pos- 
terior pituitary gland {PP) where peptides are dis 
charged from nerve endings into the general circulation 
(Diagram and description from Hams 1970) 

2) Identification and characterization of this 
substance in hypophyseal portal blood is re- 
quired Furthermore, the concentration of the 
substance should be a) greater in portal blood 
than systemic blood, and b) related to varied 
secretion rates of one of the pituitary hor- 
mones 

3) When the substance enters the pituitary 
sinusoids, it causes an alteration m release rate 
of one tropic hormone 

Although only minute amounts of releasing 
factors would be expected in portal blood, re- 
cent experimental evidence suggests that such 
activity can be detected Porter et a! (1970) 
devised a procedure for collecting stalk blood 
from the anesthetized rats that involves expo- 
sure of the ventral surface of the pituitary via 
a parapharyngeal approach A dural flap over 
the gland is cut and the veins draining the 
pituitary are broken The pituitary stalk is 
transected and the gland removed The short 
stump of the pituitary stalk is left protruding 
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through the diaphragm of the sella, and a poly- 
ethylene tube IS placed over the stalk m such a 
manner as to form a tight seal Portal blood 
can be collected for 4 to 6 hr by applying neg- 
ative pressure on the cannula In large male 
rats, 6 fil of blood is collected per minute As 
indicated above, releasing activity can be 
demonstrated in this blood 

RELEASING FACTOR ACTIVITY IN 
DIFFERING PHYSIOLOGICAL STATES 

Knowledge of the effects of physiological 
stimuli on secretion rates of releasing factors 
would aid in an overall appreciation of the 
regulation of hypothalamohypophysial axis ac- 
tivity This work is difficult because of uncer- 
tainties involved in isolation and bioassay of 
releasing factors and m interpretation of the 
data In most of these studies, hypothalamic 
content of releasing factors is measured 
Tissue content of a hormone represents the 
balance between rates of synthesis and release 
It is usually considered that an increase in 
hypothalamic content of releasing factor repre- 
sents increased synthesis and secretion if 
changes of the corresponding hormone m the 
anterior pituitary and target gland are also 
observed In those cases where target gland 
hormones may act directly at the pituitary 
level, hypothalamic content of releasing factor 
should remain unchanged Most stimuli, how- 
ever, appear to act through the hypothalamus 
and involve changes in secretion rates of re- 
leasing factors Experimental data suggest the 
presence of two feedback mechanisms which 
modify secretion rates 1) the ‘Tong” loop 
which involves peripheral target hormones, 
and 2) the “short” loop which involves pitui- 
tary hormones acting directly on the hypothal- 
amus 

Evidence for the long-loop feedback mecha- 
nism in the control of FSH and LH secretion 
stems from the observation that hypothalamic 
LRF and FRF content is greatly increased 
after castration This is especially true for the 
male, but has also been seen to some extent in 
the female These changes parallel increased 
synthesis and release of FSH following castra- 
tion Interestingly, administration of testos- 
terone or estrogen to the castrate male results 
m a marked depletion of FRF stores Some 
specificity IS indicated by the fact that proges- 
terone administration has no effect on FRF 
stores in the hypothalamus (Martini et al , 


1968) These data argue for the idea that tes 
tosterone decreases secretion of pituitary FSH 
by way of the hypothalamus Results from sim 
liar kinds of studies for other hormones have 
been reported by Meites (1970) 

The evidence for the existence of short-loop 
feedback control has involved systemic admin 
istration of pituitary hormones For example, 
injection of 20 fig FSH/day/5 days to cas 
trated male rats causes a significant drop m 
pituitary FSH and hypothalamic FRF The 
specificity of this response is indicated by the 
finding that injection of LH or ACTH has no 
such effect In this kind of experiment, the 
FSH is believed to act directly back on the 
hypothalamus to prevent secretion of FRF 
Furthermore, implantation of relatively large 
doses of pituitary hormones in the median 
eminence region also results m reduced con 
tent of the hypothalamic factor and decreased 
output of the pituitary hormone Thus, im 
plantation of LH m the hypothalamus de- 
creases LRF and LH, and implantation of 
ACTH into median eminence significantly 
depress blood corticosterone levels This 
method has been criticized because diffusion of 
hormone from the implantation site undoubt- 
edly occurs, and m fact probably reaches the 
anterior lobe Electrophysiology has also been 
used to advantage in some of these problems 
Work by Beyer and Sawyer (1969) indicates 
that 1) “patterns of hypothalamic neural ac 
tivity can be correlated with pituitary secre- 
tion, and 2) various hormones, including the 
pituitary trophms, influence the basal level of 
activity and the responsitivity of hypothalamic 
neurons ” Finally, hypothalamic releasing fac 
tors are detectable in the systemic circulation 
of hypophysectomized rats 1 month after the 
operation This condition, which is never en- 
countered m the intact animal, is explained by 
the lack of inhibiting messages from the ante- 
rior pituitary Taken together, the results from 
experiments utilizing these different tech- , 
niques strongly support the notion that a 
“short” feedback mechanism functions in the 
regulation of pituitary secretion It is an at- 
tractive mechanism for the control of secretion 
of those hormones that do not have a periph- 
eral target gland and are therefore not regu- 
lated by the more traditional feedback mecha- 
nisms It IS not clear whether this system oper-^ 
ates by the systemic circulation or by trans- 
port up the pituitary stalk 
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In the case of regulation of ACTH and TSH 
secretion, fairly good evidence can be mus- 
tered tor an additional feedback control di- 
rectly at the pituitary level Data on regulation 
of gonadotropin secretion are controversial, 
but a basomedial hypothalamic receptor for 
testosterone inhibitory feedback seems fairly 
well-established Estrogen may also have a 
primary action on the basomedial hypothala- 
mus, with additional secondary effects on the 
anterior pituitary (Davidson, 1969) In the case 
of growth hormone secretion, a number of 
studies point to the existence of a specific glu- 
cose-sensitive growth hormone regulatory 
system Thus, hypoglycemia or falling blood 
glucose will stimulate STH secretion Other 
stimuli, such as sleep, or those related to pro- 
tein metabolism (e g , arginine and several 
other ammo acids) will also stimulate STH 
secretion, but whether these stimuli are spe- 
cific or merely act as stressors is debatable 
While it IS clearly accepted that STH secretion 
is under control of the hypothalamus, the rela- 
tionship of the above stimuli to the hypothal- 
amus remains to be defined (Click, 1969) 

There is a considerable body of evidence to 
indicate that brain catecholamines participate 
m the regulation of gonadotropin secretion 
Fuxe and Hokfelt (1969) have demonstrated, 
by a histochemical technique, the presence of 
dopamme-contammg neurons whose cell 
bodies he m the arcuate nuclei Axons from 
these neurons project to the external layer of 
the median eminence m close proximity to the 
portal blood vessels Interestingly, their dopa- 
mine content fluctuates under conditions of 
altered gonadotropin secretion Dopamine 
could participate m gonadotropin secretion by 
a) directly stimulating release of pituitary 
FSH and LH, 6) potentiating the effect of the 
gonadotropin releasing factors, or c) func- 
tioning as a synaptic transmitter to produce 
the release of FRF or LRF Data from Kamberi 
et al (1970) indicates the latter possibility is 
most likely For example, basal release of FSH 
from pituitaries incubated in flasks containing 
median eminence fragments was unaltered 
when serotonin, epinephrine, or norepineph- 
rine were added However, FSH release was 
significantly stimulated by addition of dopa- 
mine Furthermore, addition of dopamine to 
pituitaries incubated alone failed to alter FSH 
release In more recent experiments, utilizing 
an in vivo approach, injection of dopamine 


into the third ventricle of hypophysectomized 
rats caused dramatic and specific increases in 
plasma levels of LRF (Schneider and McCann, 
1970) Furthermore injection ot estradiol into 
the third ventricle 2 hr prior to dopamine 
administration would block this response 

Finallv, it should be obvious to the reader 
that the loop systems discussed m this section 
are extremel> complex In future work it will 
be important not only to identify sites of feed- 
back action and multiple actions of loops, but 
also the relative importance and interplay of 
each of the loops m the physiological regula- 
tion of anterior pituitary function 

ASSAY OF RELEASING FACTORS 

An in vitro pituitary incubation system, 
sometimes called the short-term incubation 
system, was originated by Saffran and Schall> 
(1955) and was later modified by Guillemm, 
Meites, and others Basically the method in- 
volves incubation of rat anterior pituitarv 
glands in small flasks or beakers placed in a 
Dubnoff metabolic shaker maintained at 37° C 
with continuous oxygenation Under these 
conditions, tissue and cell viability appears 
relatively normal after 1 or 2 hr incubation It 
IS also possible to maintain explants of pitui- 
tary tissue in organ culture Tissues handled m 
this manner remain functional for a week or 
longer 

The results of studies with the short-term 
incubation system show that addition of crude 
acid extracts of hypothalamus causes the re- 
lease of biologically detectable quantities of all 
the anterior lobe hormones with the exception 
of LTH Since LTH levels are high in media 
taken from glands incubated in the absence of 
hypothalamic extracts, it was concluded by 
Meites (1970) that the hypothalamus con- 
tained a prolactin-mhibiting factor (PIF) This 
idea IS entirely m keeping with the observa- 
tions that when pituitaries are transplanted to 
the kidney capsule, a) the predominant sur- 
viving cell type is the mammotroph, and b) 
that since the gland has been removed from its 
hypothalamic control, there is an enhanced 
release of LTH from the graft 

Hypothalamic extract-induced release of 
hormone from the in vitro pituitary is specific 
as suggested by the following lines of evidence 
First, the quantity of released hormone is de- 
pendent upon the concentration of extract 
used, 1 e , it follows a dose response ^rve 
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Second, if crude acid extracts of cerebral 
cortex tissue are added, the amount of hor- 
mone released is often no greater than ''basal” 
or endogenous release levels Furthermore, no 
PIF IS found in cerebral cortical extracts 
Third, only one hormone is released from the 
tissue when a single purified factor is added 
The experiments of Guillemin and Vale (1970) 
demonstrate this important point If purified 
TRF is added to the m vitro system, TSH 
output IS greatly increased above endogenous 
release levels while ACTH and LH are not 
(Fig 7 16) This specificity is further demon- 
strated by the findings that a) thyroxine in- 
hibits the TRF effect on release, b) TSH re- 
lease IS related to dose of TRF, c) oxygen is 
required for the full effect of TRF, and d) pi- 
tuitary response to TRF is decreased at 0° C 
Although hormone release is clearly demon- 
strated m the in vitro procedure, the method 
provides only a static view of the process A 
potentially useful method for studying the ki- 
netics of hormone release in vitro has recently 
been proposed (Serra and Midgley, 1970) In 
this method a single anterior pituitary gland is 
incubated in a 350 -aiI capacity vial con- 
structed in such a way that the gland can be 
superfused in continuous fashion and the per- 
fusate analyzed for hormone content (Fig 7 17) 
With this set-up, it has been shown that a 
single pituitary gland will respond to hypotha- 
lamic extract by release of LH, that the re- 
sponse is dose related, that the response con- 
sists of a brief release essentially limited to the 
time of extract administration followed by a 
fall to a constant basal release rate and finally 
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Fig 7 16 Specificity of the response of the rat pi- 
tuitary incubated in vitro With the use of paired hemi- 
pituitaries addition of TFF stimulates release of TSH 
whereas no increase in the release of ACTH is observed 
when both TSH and ACJH are measured in aliquots of 
the same incubation medium Sensitivity of the assay 
method lor TSH 0 02 mU , for ACTH 0 1 mU (From 
Guiftemin ^ Vale 1970) 
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Fig 7 17 Incubation design A) buffer container 
with 95% oxygen and 5% carbon dioxide continuously 
bubbled B) peristaltic pump C) incubation chamber 
containing 200 jul of buffer D) intact rat anterior pituitary 
gland £) glass wool filter F) mixer producing vibrations of 
the incubation chamber and G) test tubes (From Serra 
and Midgley 1 970 ) 

that the same gland can be repeatedly stimu- 
lated to release measurable quantities of hor- 
mone (Fig 7 18) Techniques such as these 
clearly permit new approaches to the study of 
release kinetics of the pituitary trophic hor- 
mones 

IN VIVO ASSAY FOR RELEASING 
FACTORS 

A number of different m vivo assay methods 
have been used to check for the presence of 
releasing factor activity One type, the “pitui- 
tary depletion assay” is based on the general 
principle that injection of a preparation con- 
taining one or more releasing factors brings 
about a depletion of pituitary hormone content 
related to the amount of factor injected (Motta 
et al , 1970) Another general type of assay uti- 
lizes the principle that in vivo administration 
of a releasing factor causes an increase in the 
blood level of a particular pituitary hormone 
A modification of this method involves meas- 
urement of the change in target gland hor- 
mones Each assay method that is used, in 
vitro as well as m vivo, has advantages as well 
as disadvantages Lack of precision, due not 
only to variability in pituitary response to a 
releasing factor but also to variability in assay 
of released pituitary hormone, is a common 
problem 

Recently Gay et al (1970) have developed a 
method for constant monitoring of plasma LH 
concentrations in individual animals Using a 
sensitive radioimmunoassay for rat LH, these 
workers have been able to analyze the dy- 
namics of LH release following one or more 
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injections of crude rat hypothalamic extract 
In this method, the castrated female rats are 
treated for 3 days with estrogen and proges- 
terone Increases in circulating LH in response 
to injection of hypothalamic extracts occur 


within the first 2 min after injection and max- 
imal values occur 8 mm after extract adminis- 
tration (Fig 7 19) These preparations are ca- 
pable of responding to repeated injections of 
hypothalamic material Moreover, it is possible 



Fig 7 18 Concentration of LH in the superfusate following exposure in vitro to hypothalamic extracts for 4 8 2 
and 0 5 min Exposure to 6 cerebral cortex equivalents was done during a 4-mm period Samples were collected and 
measured at 1- or 3-min intervals Superfuston rate using the apparatus shown in Figure 7 17 was constant 
at 200 /min LH was measured by radioimmunoassay in 10 or 20 fi\ aliquots of superfusate (From Serra and Mid 
gley 1970) 



P«g 7 19 Demonstration of the dose related increase in plasma LH following 4 successive injections of 0125 
0 5 10 and 0 125 hypothalamic equivalents into an estrogen progesterone- treated castrate rat The observed re- 
sponses of the animal have been replotted m the right hand portion of the figure to illustrate the linear relationship 
between the increase m plasma LH and the log-dose of hypothalamic extract injected Responses observed in other 
similarly prepared rats are indicated by the open circles in the right-hand portion of the figure From data obtained in 
these experiments it is calculated that LH has a half-life (or disappearance rate) of 23 min (From Gay et at 1970) 
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to show an increase in plasma LH which is re- 
lated to dose of extract administered This 
method, which clearly provides a useful way 
for evaluating the kinetics of hormone release 
in VIVO, will most certainly be used in future 
work 

CHEMISTRY OF THE RELEASING FACTORS 

Purification and chemical isolation of the 
releasing factors is currently a major goal in a 
number of different laboratories This ap- 
proach has recently led to determination of the 
structure and synthesis of TRF As the initial 
purification step, it is a common procedure to 
extract frozen tissue or acetone powders of 
lyophilized hypothalamic tissue with dilute 
acid Glacial acetic acid is used most fre- 
quently Such extracts are then subjected to 
preparative gel filtration on columns of Se- 
phadex G-25 The order of elution from the 
column is GRF, CRF, TRF, FRF, PIF, and 
LRF Vasopressin emerges last (McCann and 
Porter, 1969) In some cases there is consider- 
able overlap of activities Further purification 
is often obtained by chromatography on ion 
exchange cellulose In the final stages electro- 
phoresis, partition chromatography, or counter 
current distribution techniques have been 
used The enormity of the tasks involved can 
be appreciated when one considers that a typ- 
ical yield of “highly purified” releaser material 
is on the order of 1 to 10 mg from a starting 
material of several hundred thousand hypo- 
thalami 

The procedures listed above are those com- 
monly used for the isolation of peptides From 
their behavior, it seems clear that the releasers 
are low molecular weight peptides, probably on 
the order of 1000 MW Except for TRF, all of 
the releasers are inactivated by proteolytic 
enzymes Most of the partially purified factors 
are stable when heated to 100° C for a few 
minutes Highly purified materials are exceed- 
ingly potent m terms of biological activity It 
is not uncommon to find that doses m the nan- 
ogram or picogram range will have measurable 
effects As a result, hypothalamic factors will 
release many times their own weight of pitui- 
tary hormones, i e , they show a so-called 
“multiplier effect ” The [(amount of hormone 
produced) /(amount of releasing factor added)] 
IS often several thousand, or higher 

TRF. The structure of both procine and 
ovine "JERF is (pyro) Glu-His-Pro (NH 2 ) (Fig 


7 20) Pyroglutamic acid, (also known as 2 
pyrrolidone-5-carboxyhc acid) forms the N 
terminus while proline amide forms the C 
terminus portion of the molecule (Burgus et 
al , 1970a, Folkers et al , 1969) Synthetic and 
natural TRF have essentially identical biolog 
ical activities Both the in vivo and in vitro 
responses to synthetic TRF are inhibited b\ 
administration of triiodothyronine (Bowers et 
al , 1970a) Finally, in a number of recent 
studies (Bowers et al , 1970b , Martin and 
Reichlin, 1970), a dramatic rise in plasma TSH 
was seen 2 to 5 min after intravenous injec- 
tion of the synthetic molecule into mice or rats 
(Fig 7 21) 

Minor modifications m the chemical struc- 
ture of TRF decrease or eliminate biological 
activity For example, simple tripeptides of 
glutamic acid, histidine, and proline in all 



1970) 



levels determined by bioassay in mice and recorded as 
blood level (c p m ) Each result is the mean ob- 
tained from 3 to 4 mice =fc S E Note how prior adminis- 
tration of T 3 blocks the response to (S) (From Bowers 
et al 1970a ) 
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their possible sequences are not biologically 
active The addition of a single CH3 group on 
the amide of prolme reduces the activity to 
approximately Hs that of the synthetic com- 
pound The synthetic tnpeptide (pyro) Glu- 
His-Asp (NH2) is not active, nor is (pyro) Glu- 
His (NH2) or (pyro) Glu-Pro (NHs) All of these 
findings (Bowers et al , 1970a) clearly show 
that the entire structure is required for full 
biological activity The importance of the arti- 
ficial synthesis of TRF cannot be overempha- 
sized The following is taken from a recent 
paper (Bowers et al , 1970b) “The simplicity 
of the structure engenders delight as well as 
amazement It is noteworthy that this is the 
first known chemical structure of one of the 
hypothalamic hormones which have been 
sought for so long Studies of procine and 
ovine TRH are equally exciting since the re- 
sults have been obtained independently and 
confirm one another and also because they 
represent once more unequivocal evidence that 
the hypothalamus secretes specific neurohor- 
monal substances which control the release of 
anterior pituitary hormones It is hoped that 
the structure of TRF is a key which will help 
reveal the structure of the other hypothalamic 
releasing hormones ” 

GRF A peptide with GRF activity has been 
purified and appears to be homogeneous by 
thin layer chromatography and electrophoresis 
(Schally et al , 1970a) Ninety-eight per cent of 
its dry weight could be accounted for by the 
amino acids shown in Table 7 2 GRF is an 
acidic polypeptide with a molecular weight of 
about 1600, that is split by trypsin, chymo- 
trypsin, or papain into small fragments which 
are not biologically active Schally reports that 
as little as 0 1 picogram of this material will 
cause release of growth hormone from pitui- 
tanes incubated in vitro Purified GRF is ac- 
tive in vivo as determined by the pituitary 
depletion assay method The active dose ad- 
ministered to the assay animal was 1 ng 

During the course of screening fractions 
from Sephadex columns for GRF activity by in 
vitro assay, fractions adjacent to the GRF peak 
which would diminish output of bioassayable 
growth hormone by approximately 50% were 
found (McCann and Porter, 1969) This mate- 
rial was called growth hormone inhibiting 
factor (GIF) A dual control for growth hor- 
mone release by GRF and GIF can thus be 
easily envisaged Whether release of all pitui- 
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Ammo acid composition of porcine GRF 


Ammo Acid‘s 

Molar 

Ratio^ 

Probable 

Residues' 

Lysine 

1 0 

1 

Histidine 

09 

1 

Ammonia 

2 1 

2 

Serine 

1 4 

1 

Glutamic acid 

49 

5 

Alanine 

38 

4 

Valme 

1 1 

1 

Leucine 

20 

2 


From Schally et al , 1970 
“ Ammo acids account tor 98% dry i^eight 
^ Accepting lysine as 1 0 

‘^To the nearest integer, assuming 15 ammo acid 
residues 

tary hormones are under such dual control is 
unknown at the present time 

Gonadotropin Releasing Factor. There is 
little doubt that there are substances in ex- 
tracts of median eminence tissue which will 
induce release of LH and FSH from pituitanes 
in vitro or raise plasma levels of these hormones 
in vivo Until recently it was generally held 
that release of these gonadotropic hormones 
was controlled by discrete molecules, viz 
FRF and LRF, which could be chemically 
separated (Fig 7 1) However, SchaUy et al 
(1971) has recently suggested that a single 
hypothalamic factor controls the secretion of 
both FSH and LH His most highly purified 
preparation has both LRF and FRF activity, 
yet only one ammo acid sequence (pyro) Glu- 
His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NHa 
The structure was confirmed by chemical 
synthesis The synthetic decapeptide appar- 
ently shows the same kinds of responses m 
biological activities as the natural material 
Thus it a) raises the concentration of LH m 
the plasma of ovariectomized rats pretreated 
with estrogen and progesterone, h) raises 
plasma levels of FSH and LH in castrated male 
rats pretreated with testosterone propionate, 
and c) stimulates release of FSH and LH from 
the in vitro pituitary 

PIF. Certain fractions obtained from Se- 
phadex and ion exchange columns contain pro- 
lactin-inhibitory-factor activity The most 
commonly used assay procedures have been 
either the inhibition of prolactin release from 
the in vitro pituitary or prevention of suckling- 
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induced depletion of pituitary prolactin Es- 
sentially nothing IS known about the chemistry 
of PIF Data from the laboratories of MacLoed 
and Daughaday (In Meites, 1970) indicate 
that epinephrine and norepinephrine may in- 
hibit prolactin secretion in vitro, however, as 
pointed out by Meites (1970) there are many 
reasons to believe that catecholamines them- 
selves are not PIF 

CRF CRF has not been prepared in pure 
form Two difficulties have impeded this work 
1) CRF activity appears to decrease, rather 
than increase, in the later stages of purifica- 
tion, and 2) bioas&ays are difficult since the 
stress of the assay procedure interferes with 
the determination of CRF activity (Vernikos- 
Danellis and Marks, 1970) In fact, McCann 
and Porter (1969) claim that much of the con- 
fusion concerning regulation of ACTH release 
can be attributed to the indirect methods used 
in evaluating release rate 

In spite of these reservations, there appears 
to be little question that fractions containing 
CRF activity can be isolated from median 
eminence tissue Most of the evidence indi- 
cates that the active molecule is a small poly- 
peptide Data from a number of different 
kinds of experiments also show that this mate- 
rial is not vasopressin 

Experiments performed by Saffran et al 
(1955) clearly indicated that there were sub- 
stances in neurohypophyseal extracts, distinct 
from vasopressin, which also stimulated re- 
lease of ACTH from the anterior pituitary 
These workers found activity in two types of 
CRF preparations from porcine posterior pitui- 
tary powders and they were designated a and 

CRF CRF contains serine and histidine, 
in addition to the amino acids of lysine vaso- 
pressin It IS not known at this time whether a 
or ^ CRF constitutes a “true physiological” 
corticotropin-releasmg hormone 

HYPOTHALAMIC RELEASING FACTOR 
ACTIVITY IN MAN 

Releasing factor activity does not appear to 
be species specific, since highly purified ovine 
and porcine-releasing factors are active m 
humans Moreover, active extracts have been 
prepared from human hypothalami. As exam- 
ples, a single injection of FRF into amenor- 
rheic or anovulatory women induced a rise in 
plasma FSH within 30 min after administra- 
tion; plasma LH levels rise rapidly following 


infusion of LRF m children or adult patients, 
small amounts of procine TRF administered to 
human athyreotic cretins cause a significant 
elevation in plasma TSH 3 mm later and cir- 
culating and urinary 17-hydroxycorticoids 
are raised following intravenous perfusion of 
hog and beef CRF extracts in the human (Har- 
ris, 1970, for detailed references) 

Two recent abstracts from Schally’s labora- 
tory (Schally et al , 1970a, Bowers et al, 
1970b) provide more information on this sub- 
ject In one study, extracts from 339 human 
hypothalami were separated on Sephadex G- 
25 GRF was further purified by free-flow elec- 
trophoresis and chromatography on carboxy- 
methylcellulose (CMC) TRF, LRF, and FRF 
were concentrated by phenol and then chroma- 
tographed on CMC The results prompted 
Schally to claim “It is concluded that in man 
the release of pituitary hormones is regulated 
by hypothalamic hormones and that the chem- 
ical characteristics (molecular weights, isoelec- 
tric points, etc , and in the case of TRF prob- 
ably the structure) of human hypothalamic 
hormones are very similar to those of domestic 
animals ” 

In the other study (Bowers et al , 1970b), the 
effect of synthetic TRF was evaluated in 12 
normal males One to 800 ixg were injected 
intravenously, blood collected, and levels of 
TSH, FSH, LH, and STH determined by ra- 
dioimmunoassay The results showed that a) 
the response was specific m that only serum 
TSH was elevated, b) TSH levels were signifi- 
cantly raised 10 mm after injection and 
reached a maximum at 30 mm , and finally c) 
pretreatment with 100 /xg T35to7hr before 
injection of TRF partially or completely inhib- 
ited the response to TRF 

Taken together, the results clearly point to a 
new field in which studies with purified and 
synthetic releases m humans could be usefully 
applied toward correcting a number of endo- 
crine disorders in man 

Mechanism of Action 

The study of the mechanism of action of re- 
leasing factors on the synthesis and release of 
hormone by the pituitary cell was a logical and 
mevitable outgrowth of the physiological and 
chemical studies described earlier in this 
chapter In spite of obvious difficulties (e g , 
availability of pure or purified factors and the 
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cellular heterogenity of the anterior pituitary), 
a few consistent findings emerge 

RELEASE 

Since injection of purified releasing material 
results m a rapid release of hormone into the 
circulation, it is generally accepted that a pri- 
mary action of the releasing factor is the stim- 
ulation of hormone release Secretion of cate- 
cholamine from the adrenal medulla under the 
control of acetylcholine or high (K+) has 
served as a model for experiments on the ante- 
rior pituitary (Douglas, 1968) In the adrenal 
medulla a) Ca'^^ was required for catechola- 
mine release, b) acetylcholine stimulated up- 
take of ^®Ca, and c) Mg'^'^ inhibited the stimu- 
latory response Douglas proposed that cate- 
cholamine release was initiated by a decrease 
in the transmembrane potential of the cell that 
led to increased membrane permeability al- 
lowing a net flux of Ca'^’^ into the cells An 
increase m intracellular Ca'^'^ would then 
somehow promote hormone release Because of 
the analogy to excitation -contraction in mus- 
cle, the entire process was termed “stimulus- 
secretion coupling ” Douglas found that mem- 
brane depolarization could be uncoupled from 
secretion, i e , membrane depolarization could 
still be induced by high [K+] under conditions 
where hormone release was blocked, eg, in a 
Ca'^-free medium This suggested that the 
entry of Ca^+ was a crucial event in the secre- 
tion process 

When similar experiments were done on 
anterior pituitaries m vitro, high [K*^] in the 
incubation medium was found to stimulate 
release of all the pituitary hormones Calcium 
was required for “normal” as well as high 
induced hormone release Measurements of 
pituitary cell transmembrane potentials from 
pituitaries incubating in high [K^], as well as 
crude hypothalamic extracts, have recently 
been made As predicted, treatment with high 
[K+] produces a reversed, positive transmem- 
brane potential in more than half the cells 
These positive potentials are explained by a 
preferential permeability to calcium ions trig- 
gered by an initial depolarization of the cell 
membrane to high [K+] (Milligan and Kraicer, 
1970) It would, therefore, appear that the 
“stimulus-secretion” coupling model can be 
usefully applied to problems of hormone re- 
lease from the anterior pituitary As suggested 
by Geschwmd (1970), the role of Ca+^ in hor- 


mone release may involve 1} conformational 
changes in the hormones m the granule and/or 
plasma membrane, resulting in a change in 
membrane permeability, 2} interaction between 
the membrane of the secretion granule and the 
mner surface of the cell membrane, 3) changes 
in the colloidal state of the cell cytostructure 
so as to induce granule movement toward the 
plasma membrane, and 4) stimulation of con- 
traction of a system composed of microtubules 
and filaments of actomyosm-like material that 
links secretion granules to the plasma mem- 
brane Kraicer has suggested the term ' excita- 
tion-contraction coupling” for this situation 
Cyclic adenosine monophosphate (AMP) has 
been established as a second messenger which 
mediates many of the actions of a variety of 
different hormones The following experiments 
suggest that cyclic AMP may be involved m 
releasing factor-induced pituitary hormone 
secretion 1) Addition of crude stalk median 
eminence extracts to pituitaries in vitro signif- 
icantly increased pituitary cyclic AMP levels 
Specificity m this response was apparent since 
cerebral cortical extract or lysine -8- vasopressin 
were without effect 2) Blockage of cyclic AMP 
degradation by theophylline augmented hor- 
mone release 5) Purified releasers increased 
pituitary cyclic AMP levels 4) Hormone re- 
lease followed addition of cyclic AMP or its 
0',A^-dibutyryl derivative to isolated pitui- 
taries 5) Calcium ion, although required for 
release, was not required for releasing factor- 
induced stimulation of pituitary cyclic AMP 
Rasmussen and Tenenhouse (1968) have 
pointed out that the secretion of a number of 
stored peptides is mediated by cyclic AMP 
and that is required for the action of this 
nucleotide They suggest that the conversion of 
a small pool of adenosine triphosphate (ATP) 
to cyclic AMP decreases calcium chelation, 
making more calcium available for stimulation 
of peptide secretion These observations have 
prompted Geschwmd to propose the following 
useful scheme for releasing factor action “an 
adenophypophysiotropic factor activates ad- 
enyl cyclase and/or modifies the cell mem- 
brane to allow Ca"^-^ entry If the only effect is 
on adenyl cyclase, then either cyclic AMP 
modifies the membrane to allow entry 

or membrane Ca'^'^, by being freed from a 
Ca'^+-ATP complex and entering the cytosol, 
passively allows the entry of extracellular 
Cyclic AMP then acts, in some still un~ 
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known fashion, to promote release, and for this 
effect both Ca+'*' and energy are required 
Cyclic AMP IS hydrolyzed by an intracellular 
cyclic nucleotide phosphodiesterase whose syn- 
thesis may be induced in specific cells by the 
appropriate target organ hormones (e g , dexa- 
methasone and thyroxine) ” 

Finally, addition of target hormone to pitui- 
tanes in vitro has been shown to inhibit high 
[K'^]-induced hormone release This has been 
shown for thyroxine (Vale and Guillemm, 
1967) and corticosterone (Kraicer et al, 1969) 
on release of TSH and ACTH, respectively 
Furthermore, thyroxine will inhibit TRF-in- 
duced release of TSH, and incubation of rat 
adenohypophysis in the presence of physiolog- 
ical concentrations of corticosterone (0 25 to 
50 jLtg /ml ) suppress hypothalamic extract- 
induced release of ACTH (Kraicer and Milli- 
gan, 1970) Such experiments indicate that 
these hormones may exert additional feedback 
control directly on the pituitary cell mem- 
brane 

SYNTHESIS 

In general, two experimental approaches 
have been used to examine the possibility that 
releasing factors act within the pituitary cell 
by controlling the rate of hormone synthesis 
In one approach, the bioassayable hormone 
content of the pituitary is measured after in 
vivo or in vitro administration of a releasing 
factor to determine if a) the amount released, 
b) the pituitary content itself, or c) the sum of 
the two exceed the amount originally present 
m the gland Evidence from experiments of 
this kind indicate that hypothalamic factors 
stimulate hormone synthesis For example, 1) 
extracts of median eminence stimulate release 
of TSH and ACTH from pituitary autografts 
implanted beneath the kidney capsule 67 days 
previously although the gland presumably con- 
tains little or no TSH or ACTH, 2) intraca- 
rotid injection of rat median eminence extract 
produces a 5-fold increase in pituitary ACTH 
content 2Vi mm later, 3) pituitanes taken 
from ovariectomized rats pretreated with es- 
tradiol and progesterone contain 40% more 
FSH (in the gland -f- medium) after treatment 
with RFR than that recovered in control incu- 
bations of 4-hr duration, and 4) incubation of 
pituitanes from estrogen -progesterone -blocked 
ovariectomized female rats for 2 hr in LRF 
caused a maximum release of approximately 5 


fxg /mg pituitary, almost twice that originally 
found in the glands 

The results of experiments involving 
changes in bioassayable content are subject to 
criticism because of the possibility that one is 
measuring the activation of a precursor hor- 
mone molecule rather than its de novo syn- 
thesis As an example, peptide bond cleavage 
occurs in the conversion of promsulin to in- 
sulin Since a number of specific proteases are 
encountered in pituitary tissue, and since their 
levels fluctuate depending upon the physiolog- 
ical state, a similar conversion could occur 
under the influence of a releasing factor More- 
over, in the case of the glycoprotein hormones, 
one could also imagine a control step in which 
attachment of carbohydrate to inactive poly- 
peptide would be sufficient for activation 
(Geschwmd, 1969, 1970) 

The other approach to studying the effects of 
releasing factors on hormone synthesis has 
been to measure the incorporation of radioac- 
tive ammo acid into a pituitary hormone The 
majority of such experiments have yielded 
negative results The careful study of Salmi 
and Geschwmd (1967) is representative Pitui- 
taries from ovariectomized rats pretreated 
with estrogen and progesterone were incubated 
for 4 hr m the presence of hypothalamic ex- 
tract and L-^'^C -leucine or d-^'‘C - glucosamine 
Although the extract promoted definite release 
of LH, the incorporation rate of both labeled 
precursors into LH was not different from that 
found in control incubations In one of the few 
positive experiments of this type, Wilber 
(1970) has reported that addition of synthetic 
TRF to rat pituitanes in vitro results in a 4- 
fold increase m incorporation rate of -glu- 
cosamine into pituitary plus medium TSH At 
the present time, the question of whether a 
releasing factor may increase hormone syn- 
thesis as a primary or secondary event remains 
difficult to answer Many workers believe that 
synthesis occurs only after substantial hor- 
mone release suggesting that synthesis of new 
hormone is triggered by simple mass action 

Future Studies 

What are the directions that future studies 
in this area will take? First, it must be obvious 
that improved procedures for the bioassay of 
the releasing factors will be crucial for ad- 
vancement In this regard, the use of quantita- 
tive and sensitive radioimmunoassays are be- 
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coming more routine Secondly, it is highl} 
desirable that the activity of a releasing factor 
preparation be defined in some sort of 
standard unit Not only would this >ieid more 
comparable results m individual laboratories, 
but would also be extremely useful in the 
quantitation of hypothalamic contents of re- 
leasing factors in a variety of physiological 
states Thirdly, work on the purification and 
isolation of the releasing factors will continue 
to dominate the field The successful synthesis 
of TRF has been a major accomplishment to 
date Announcements of the structures of other 
factors should be forthcoming Burgus and 
Guillemin (1970b) have, in fact, observed “the 
hypothalamic-releasing factors may all be 
members of a closely related senes of small 
polypeptides, possibly with a protected N ter- 
minus and an amidated C terminus ” Some ini- 
tial work on the effects of these factors m 
humans has been done, and the possibilities 
for extensive clinical investigations look prom- 
ising indeed Tests of pituitary function, in- 
duction of ovulation in certain patients or in- 
duction of growth in selected individuals with 
growth hormone deficiency may be possible 
with improved knowledge of releasing factor 
chemistry Antagonists of releasing factors can 
be synthesized, and such diseases as diabetes 
or carcinoma of the breast may be treatable by 
a “medical” hypophysectomy If antagonists to 
the gonadotropin releasing factors could be 
synthesized it “should, of course, be also pos- 
sible to prevent conception Finally, the mech- 
anism of action of these factors on the pitui- 
tary cell will continue to be an important area 
of investigation In this regard, attempts are 
being made m the authors’ laboratory to iso- 
late relatively homogenous populations of dif- 
ferent types of pituitary cells An example of 
fractions containing primarily small chromo- 
phobes, and acidophils is shown in Figure 
7 22 a, b, respectively Basically the method 
used involves sedimentation of a trypsin- 
ized cell suspension through a shallow (1 to 
3%) gradient of bovine serum albumin mam- 
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Fig 7 22 Photomicrographs of pituitary cells separa- 
ted by sedimentation through a shallow protein gradient 
(1 to 3% bovine serum albumin) maintained at unit gravity 
according to the method described by Peterson and Evans 
(1967) Cells in (a) are primarily small chromophobes 
while those in {b) are primarily acidophils (X 900) 


tamed at unit gravity Under these conditions, 
the sedimentation rate depends largely on the 
size of the cell Such isolated cells are viable, 
they synthesize protein and ribonucleic acid 
(RNA) and contain detectable quantities of 
hormone It will be of interest to determine the 
physiological and biochemical effects of puri- 
fied releasing factors on each preparations 
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3 / CONTROL OF THE POSTERIOR LOBE 
OF THE PITUITARY GLAND 


The neurohypophysis is responsible for pro- 
duction and release of two hormones, vaso- 
pressin and oxytocin Vasopressin, sometimes 
called antidiuretic hormone or ADH, is in- 
volved in control of water excretion by the 
kidney and in control of blood pressure Oxy- 
tocin stimulates contraction of smooth muscle 
m the uterus and in the ducts of the mammary 
gland In this chapter, control of the neurohy- 
pophysis and the effects of its secretory prod- 
ucts will be described 

ORIGIN AND STRUCTURE 

The pituitary has a dual origin in the em- 
bryo — from the ectoderm in the roof of the 
primitive mouth as well as from the base of 
the brain In the early embryo the ectoderm 
pouch, Rathke’s pouch, extends to meet a cor- 
responding hollow diverticulum prolonged 
downward from the floor of the third ventricle 
The original cavity of the neural lobe of the 
pituitary disappears completely in man, so 
that the pituitary stalk becomes solid The 
part of the pituitary which originates from 
Rathke’s pouch has a glandular structure and 
is called the adenophyophysis (anterior pitui- 
tary gland) The portion developed from the 
brain is known as the neurohypophysis (pos- 
terior pituitary gland) Each division is subdi- 
vided into three parts (Fig 7 23) Thus, the 
neurohypophysis consists of the expanded 
distal portion, the infundibular process or 
neural lobe, the nervous part of the stalk 
known as the infundibular stem or neural 
stalk, and the expanded upper end of the 
stalk, which is the median eminence of the 
tuber cinereum It is important to realize that 
all three parts of the neurohypophysis may lib- 
erate hormone into the blood stream The ade- 
nohypophysis consists of the pars tuberalis, the 
pars intermedia, and the pars distalis or ante- 
rior lobe The neural stalk, together with its 
sheath, the pars tuberalis, is known as the 


hypophysial or pituitary stalk The major in 
nervation of the neurohypophysis is derived 
from the supraoptic and paraventricular nu 
clei fn the infundibular process the fibers of 
the hypophysial tract branch and interweave 
and end in close association with capillaries 
These nerve terminals are loaded with aggre 
gations of a cystme-nch neurosecretory mate- 
rial 

A neurosecretory role for nerve cells in the 
hypothalamoneurohypophysial system was es 
tablished by the studies of Bargmann (1949, 
1954) These cells synthesize vasopressin and 
oxytocin, transport these substances down 
their fibers, store them in nerve endings of the 
infundibular process, and release them into the 
blood (Fig 7 24) The criteria on which a neu- 
rosecretory role IS assigned are as follows 1 ) 
identifiable neuronal inclusions share the same 
distribution as biological activity of the hor- 
mones, 2 ) interruption of the secretory 
pathway results in accumulations of secretory 
material on the hypothalamic side of the le- 
sion, and 3 ) appropriate stimuli cause changes 
in both the number of granules and the biolog- 
ical activity of stored hormone Additional 
support for synthesis of hormone m the cell 
body followed by transport down the axon is 
provided by autoradiographic studies of incor- 
poration of radioactive methionine and cys- 
teine into these nerve cells After injection of 
the radioisotopes, the cell bodies label rapidly, 
but the infundibular process does not Ten 
hours after injection of radioactive cysteine but 
not methionine, the infundibular process con- 
tains large amounts of radioactivity Since 
vasopressin is rich m cysteine, but contains no 
methionine, these studies support the concept 
of synthesis m the cell body followed by axonal 
transport to nerve endings Neurosecretory 
material in the storage granules contains hor- 
mone bound to a carrier protein Release of 
hormone from the infundibular process is trig- 
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Fig 7 23 Diagram of sagittal section of pituitary 
and hypothalamus of cat (From Sloper 1966 ) 

gered by an action potential that is trans- 
mitted from the cell body As a result, elec- 
trical stimulation of the severed stalk of the 
isolated pituitary can cause secretion (Douglas 
and Poisner, 1964) After stalk section, about 
13% of the total neurohypophysis remains in- 
tact and innervated and can release hormone 
into the blood at a slow rate 

HORMONES OF THE NEUROHYPOPHYSIAL 
SYSTEM 

Vasopressin and oxytocin are found in the 
infundibular process and in the hypothalamus 
When extracts of the hypothalamus were re- 
ported to possess antidiuretic, pressor and 
oxytocic action (Abel, 1924, Trendelenburg, 
1928, and Sato, 1928), considerable skepticism 
was expressed This reaction was due to the 
fact that the neural lobe was not recognized as 
a hormone-storing rather than a hormone-pro- 
ducing gland However, hypothalamic extracts 
contain only 0 5 to 2 0% of the activity of the 
neural lobe Analysis of the supraoptic and 
paraventricular nuclei indicate that the supra- 
optic nucleus is responsible for production of 
vasopressin while the paraventricular nucleus 
accounts for synthesis of oxytocin Synthesis of 
these hormones in separate nuclei helps to 
account for differential release under certain 
conditions, such as suckling and dehydration 

Neurohypophysial hormones are of similar 
structure, consisting of a pentapeptide ring 
closed by an S-S bridge and a tripeptide side 
chain (Table 7 3) Almost every vertebrate 
group has a characteristic hormone or combi- 
nation of hormones Two hormones are usually 
found, one resembling oxytocin with a neutral 
ammo acid in the eighth position and another 


resembling vasopressin with a basic ammo 
acid in this Dosition The hormone combina- 
tion found in man is oxytocin and arginine 
xasopressm Vasotocin navmg the ring of oxy- 
tocin and the i>ide-chain of \abopressin pro- 
duces both antidiuresis and milk ejection when 
injected into mammals 

CONTROL OF VASOPRESSIN SECRETION 

Preparation of highly purified and synthetic 
oxytocin and yasopressin has made possible 
the analysis of the physiological actnities of 
the whole posterior pituitary extract m terms 
of these two compounds It seems clear that 
oxytocin is responsible for the action of pitui- 
tary extracts on uterine muscle and on the 
mammary gland, while vasopressin acts on the 
blood pressure and water excretion by the 
kidney Vasopressin has some slight oxytocic 
activity and oxytocin has slight pressor and 
antidiuretic action Pressor effects of \aso- 
pressm occur only when large amounts of the 
hormone are administered 

Levels of vasopressin m plasma and other 
body fluids must still be measured bv bioassay 
techniques Antibodies against vasopressin 
have been produced and a radioimmunoassay 
procedure has been reported (Permutt et ai , 
1966) However, this assay is not sensitive 
enough for measurements of plasma levels 
Prior to bioassay, hormone must be extracted 
and concentrated The effect of this extract on 
urine flow in a hydrated, ethanol -anesthetized 
rat is the usual method employed Effects of 
the extract are compared with effects of known 
amounts of vasopressin 

Vasopressin release is controlled by the 
osmolality of the plasma and by the volume of 
the blood (Fig 7 25) Osmolality is sensed by 
osmoreceptors within the hypothalamus The 
localization of the osmoreceptors to the brain 
was first demonstrated by Verney (1947) In- 
tracarotid injection of hypertonic saline was 
found to cause antidiuresis in dogs while sim- 
ilar volumes of hypertonic saline injected into 
the peripheral circulation had no effect An 
increase of 1 to 2 m Osm /kg is sufficient to 
raise vasopressin secretion provided that the 
osmolality is above 290 m Osm /kg Whether 
the osmoreceptors are the same cells that syn- 
thesize and secrete vasopressin is uncertain, 
they may be different cells When plasma 
osmolality increases, vasopressin is secreted 
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Fig 7 24 Diagrammatic representation of neuronal cell body in hypothalamus and nerve ending in infundibular 
process (From Sloper 1966) 


Table 7 3 

Neurohypophysial hormones of known chemical constitution and their distribution 


Name 




Chemical Constitution 



Phyletic 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Distribution 

Oxytocin 

Cys| 

Tyr 

h 

He 

1 Glu (NHa) 

I Asp (NH 2 ) 

1 

1 

I Cys 
J_J 

Pro 

I 

jLeu 

i 

I Gly (NH 2 ) 

Mammals, birds 

Vasotocin 

1 

Cys| 

1 L 

1 

! 

Tyn 

L 

1 

He 

1 Glu (NH^) 

1 

1 Asp (NH 2 ) 

1 

I 

I 

I Cys 

1 ^ 

Pro 

I 

[ Arg 

I 

I 

j Gly (NH 2 ) 

All vertebrates ex 
cept mammals 

Arginine vaso- 
pressin 

Cys! 

1 

1 

Tyr 1 

1 

1 

Phe 

1 Glu (NH,) 

[ Asp (NH 2 ) 
-I 

I 

ICys 

I 

Pro 

I Arg 

I 

I 

I Gly (NH 2 ) 

Mammals except 
pig 

Lysine vaso- 
pressin 

Cys 1 

1 

L 

Tyr' 

r 

1 

L 

Phe 

1 Glu (NH,) 

I Asp (NHa) 

_l 

I 

J 

I Cys 

I 

J 

Pro 

[hys 

I 

I 

I 

I Gly (NH 2 ) 

Pig 


From Heller, 1966 


and water reabsorption by the kidney is in- 
creased As a result, osmolality is restored to 
the initial value 

Hemorrhage amounting to as little as 10% of 
blood volume results in an inhibition of water 
diuresis (Rydin and Verney, 1938) This re- 
sponse is due to an increase in the plasma vas- 


opressin level (Fig 7 26) The response de- 
pends upon the degree of blood loss When 
blood loss approaches 50% of blood volume, 
vasopressin levels reach 600 fiU /ml The re- 
lease of vasopressin in response to hemorrhage 
IS impaired in animals whose vagus nerves are 
cut Vagotomy interrupts the afferent pathway 
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Fig 7 25 Control of vasopressin secretion by plasma osmolality and blood volume + increase or stimulation 
- decrease or inhibition (Modified from Share 1969) 


from low-pressure receptors in the left atrium 
and perhaps other portions of the low-pressure 
side of the circulation Stretching of these re- 
ceptors by distension of the left atrium gener- 
ates afferent impulses which inhibit vaso- 
pressin release (Baisset and Montastruc, 1957, 
Share, 1965, Johnson et al, 1967) During hem- 
orrhage, atrial pressure falls due to a drop in 
central venous pressure and fewer impulses 
arise from the low pressure receptors As a re- 
sult, inhibition of vasopressin release is re- 
lieved and hormone appears in the blood 

Carotid sinus baroreceptors are involved in 
control of vasopressin release When these re- 
ceptors are stretched by normal or elevated 
blood pressure, impulses arise that are inhibi- 
tory to vasopressin release During hemor- 
rhage, arterial pressure falls and fewer inhibi- 
tory impulses arise from the arterial receptors 
These receptors are probably responsible for 
the increase in plasma vasopressin seen in the 
vagotomized dog subjected to a large blood 
loss (Fig 7 26) 

Interaction of the atrial and arterial pressure 
receptors in control of vasopressin release was 
suggested by Gauer and Henry (1963) In the 


normal animal, the first receptors to sense a 
change m blood volume are m the low-pressure 
system As hemorrhage becomes more marked, 
arterial blood pressure also falls and the ar- 
terial receptors participate m the increase m 
vasopressin secretion 

Effects of vasopressin appear to be mediated 
by changes in intracellular le\ els ot cvclic ade- 
nosine monophosphate (cyclic AMP) (Robin- 
son et al, 1968) Addition of vasopressin in- 
creases cyclic-AMP levels while addition of 
cyclic-AMP mimics effects of vasopressin on 
water and sodium transport In addition, vaso- 
pressin stimulates the activity of adenyl cy- 
clase found m preparation of kidney cell 
membranes The mechanism of action of vaso- 
pressin on the kidney is described elsewhere 
in this volume 

CONTROL OF OXYTOCIN SECRETION 

The major stimuli for release of oxytocin are 
a) suckling, and 6) distension of the cervix and 
vagina (Cross, 1966) Increased milk ejection 
following oxytocin administration does not 
involve increased milk secretion but rather 
ejection of milk already present within the 
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Fig 7 26 Effects of successive bleedings of 8 ml /kg 
body weight on the plasma vasopressin concentration 
in intact and vagotomi 2 ed dogs The dogs were bled at 
5-min intervals Blood samples for the determination of 
vasopressin were taken 3 min after the midpoint of 
each hemorrhage The plasma vasopressin concentration 
on the ordinate is expressed as per cent of the concen- 
tration of vasopressin in the plasma just prior to the first 
hemorrhage The abscissa is the degree of blood loss 
expressed as per cent of the initial blood volume which 
was taken to be 8% of the body weight The figures in 
parentheses are the concentration of vasopressin in mi- 
crounits per millHiter of plasma in the initial blood sam- 
ples (mean ± SE) (From Share 1969) 

gland Ejection depends upon contraction of 
the myoepithelium present m the alveoli and 
lactiferous ducts Oxytocin levels have been 
measured m jugular vein blood before, during, 
and after suckling or milking and have been 
found to increase from about 5 /jXJ /ml before 
suckling to 20 to 100 fiU /ml during suckling 
Injection of 50 mU of oxytocin duplicated the 
normal milk-ejection response to suckling 
The role of oxytocin m normal labor is still 
unclear Labor is a complicated process in- 
volving softening and dilation of the cervix, 
loosening of pelvic ligaments and contractions 
of abdominal muscles Oxytocin has no effect 
on these events On the other hand, blood 
levels of oxytocin in ewes were found to in- 
crease from about 3 fiU /ml during pregnancy 
to 3,000 111] /ml during delivery of the lamb 
(Fitzpatrick, 1961 a,b) Similarly oxytocic ac- 
tivity of human systemic blood increased from 
50 III] /ml during pregnancy to 150 fiU /ml in 
the second stage of labor (Caldeyro-Barcia, 
1961) Lesions that interrupt the supraoptico- 
hypophyseal tract m the anterior portion of the 
median eminence grossly impair labor (Fisher 


et al, 1938 b) Oxytocin, then, appears to ser\e 
an important but not vital role m labor It 
stimulates the frequency and duration of con 
tractions in the uterine myometrium The 
hormone frequently is gi\ en by obstetricians to 
induce or intensify uterine contractions 

Plasma levels of oxytocin are about the same 
in men as women, but the function of the 
hormone is uncertain Acceleration of sperm 
transport to the epididymis has been reported 
in rabbits 

DISORDERS OF POSTERIOR PITUITARY 
FUNCTION 

Diabetes insipidus is a condition in which 
large quantities of urine of very low specific 
gravity, 1 002 to 1 006, and low chloride con- 
tent are excreted In an ordinary case the daih 
output of urine is 4 or 5 liters, but dail> 
amounts several times these figures have been 
reported A corresponding increase in fluid 
intake occurs and thirst is often intense The 
condition frequently accompanies tumors of 
the pituitary or hypothalamic region, and is 
essentially due to lack of posterior pituitary 
hormone Ranson and his colleagues (Fisher et 
al , 1938a) were able to produce a similar pic 
ture in cats and monkeys by placing bilateral 
electrolytic lesions in the supraopticohy 
pophysial tract in the hypothalamus Their cats 
developed a permanent polyuria of 300 to 500 
ml of urine per day, which could be reduced 
to normal levels by replacement therapy with 
posterior pituitary extracts It may be pointed 
out that animals deprived of the pars distalis 
of the adenohypophysis, as well as the neuro 
hypophysis, develop only a slight polyuria if 
any at all The pars distalis exerts a general 
diuretic effect which is necessary for the devel- 
opment of a marked polyuria This may be 
observed in human patients with an expanding 
lesion in the sella turcica Destruction of the 
neurohypophysis results m diabetes insipidus, 
but further development of the lesion may de 
stroy the pars distalis with amelioration of the 
diabetes 

Administration of vasopressin is the only 
available means for control of diabetes insipi- 
dus, but the hormone is not effective in some 
cases These individuals show a familial tend- 
ency to the disease which is thought to be due 
to an inherent defect of the renal tubules with 
respect to renal reabsorption of water 



4 ‘‘ CONTROL OF THYROID FUNCTION 


The thyroid gland, as a distinct anatomical 
entiU, has been known for at least 300 \ears, 
but its relationship to the clinical states we 
know as hyper- and hypothyroidism was not 
recognized until the latter part of the 19th 
century At this time many of the features of 
cretinism and adult myxedema were noted to 
resemble changes which appeared after sur- 
gical removal of the thyroid This suggested to 
ph\sicians that the thyroid gland ma> secrete 
a humoral substance which is essential for the 
maintenance of well-being A short time later 
Baumann discovered the presence of large 
amounts of iodine in the thyroid Most of this 
was found to be incorporated within a protein 
which upon hydrolysis yielded a material that 
w^as effective in relieving the symptoms of 
m>xedema The physiologically active sub- 
stance was isolated and chemically defined by 
Kendall (1915) who gave it the name thyroxin 
In 1952, the second of the two presently known 
thyroid hormones, triiodothyronine, was dis- 
covered in thyroid glands by two English 
workers, Gross and Pitt-Rivers 

These two hormones, which are generally 
referred to as thyroxin or T 4 (3,5,3',5'-tetraio- 
dothyronine) and triiodothyronine or Tg 
(3,5,3'-triiodothyronine), are both derived 
from the amino acid tyrosine, and are unique m 
that their biological activities are dependent 
on the presence of iodine, a trace element (Fig 
7 27) This particular structural feature has 
greatly aided our understanding of thyroid 
physiology and biochemistry Since the radio- 
active isotope, is incorporated readily into 
the hormones during their biosynthesis in the 
thyroid, it has been possible to study many as- 
pects of the formation, distribution and me- 
tabolism of the thyroid hormones in a rela- 
tively straightforward way by measuring the 
isotope in vivo or in tissue samples 

histology 

The thyroid tissue is composed of cuboidal 
epithelial cells arranged in a single layer 


around spaces roughly spherical in shape 
These spaces variously known as follicles, ves- 
icles acini or alveoli contain a homogenous 
gelatinous material the colloid substance 
which IS the stored secretion ot the gland 
Connective tissue fibers support the alveolar 
walls and form septa which divide the gland 
into smaller masses The ceils lining the al- 
veoli contain numerous mitochondria and a 
well-defined Golgi apparatus Studies with the 
electron microscope have shown that the lu- 
minal or apical borders of these cells possess 
microvilli, which are characteristic features of 
cells engaged in absorption or secretion When 
the gland becomes active the Golgi apparatus 
hypertrophies and droplets of colloid appear in 
its proximity Other histological changes typ- 
ical of increased activity m the thvroid are 
increase in the epithelial ceil height increase 
m mitotic figures, decrease in amount ot col- 
loid in the follicles (wuth a tendency to become 
basophilic rather than acidophilic in staining 
properties), and an increase in vascularity The 
maximal normal weight of the human thvroid 
IS, according to Marine, from 20 to 35 g or 
around 0 4 g Ag of body w’eight The thy roid 
tissue of the early fetus consists of masses of 
epithelial cells showing little or no arrange- 
ment into follicles The latter appear about the 
3 rd month in the human but are small and 
contain little colloid Functional activity first 
appears in the fetal gland at about this time 
Concentration of inorganic iodide is demon- 
strable before the appearance of colloid, but 
organic binding (formation of lodmated ammo 
acids) IS not observed until colloid is demon- 
strable histologically 

Synthesis. Storage and Secretion of 
Thyroid Hormones 

Iodine IS a relatively scarce element in the 
earth’s crust and animals have had to develop 
extremely efficient means to extract enough 
for biological purposes Ultimately, all of the 
iodine taken into the body is derived from soil 
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Fig 7 27 Structure of tyrosine and its important lodmated derivatives 


and water and it is the content of iodine m 
these natural sources which determines the 
amount normally ingested Iodine taken in 
with food in organic form is released as iodide 
(I") and it IS absorbed into plasma in this form 
(Fig 7 28) The major route of excretion of io- 
dide IS urine although small amounts are lost 
in the feces, mainly in organic form 

IODIDE TRAPPING (Halmi, 1964, Wolff 
1964) 

Nearly one-half of the total body iodine is 
normally sequestered in the thyroid gland 
This is a truly remarkable accomplishment 
when one considers the extremely small 
amounts of iodine present in plasma and in 
the water and food that are consumed The 
ability of the thyroid cell to take up iodide 
from plasma and concentrate it is a prerequi- 
site for the optimal synthesis of thyroid hor- 
mone In geographic areas where the content of 
iodine in soil and water is low, iodide trapping 
efficiency by the thyToid may become greatly 
increased In laboratory animals, such as the 
rat, the ratio of thyroid to serum iodide (T/S 
ratio) often reaches values of 100 when iodine 
depletion is rigorously maintained by the 
combination of a low iodine diet and the ad- 
ministration of propylthiouracil, a drug that 
blocks synthesis of thyroid hormone 

The trapping of iodide against an electro- 
chemical gradient, like active sodium trans- 
port, has been shown to require a steady input 


of energy from adenosine triphosphate (ATP) 
Transport is strongly inhibited under anaer- 
obic conditions or following the administration 
of agents such as dinitrophenol which reduce 
ATP by uncoupling oxidative phosphorylation 
Inhibition of Na-K ATPase by the cardiac gly 
coside, ouabain, also interferes with iodide 
transport in thyroid slices, and the suggestion 
has been made that trapping may be linked m 
some way to cation transport 

As in other carrier-mediated transport sys- 
tems, the trapping of iodide can be inhibited 
competitively by other 10 ns The strongest m 
hibitory effects are exerted by univalent anions 
of similar ionic size and shape Thiocyanate, 
perchlorate and nitrate 10 ns are among the 
common ones which exhibit inhibitory proper- 
ties Other halides such as fluoride and chlo- 
ride do not react, although the heaviest halide, 
astatide, which is naturally radioactive, is ac- 
cumulated by the thyroid to about the same 
extent as iodide The blocking effect of thiocy- 
anate and perchlorate on iodide uptake by the 
thyroid will reduce the synthesis and subse- 
quent release of thyroid hormones and, for this 
reason, both agents have been employed clini- 
cally in the treatment of hyperthyroidism 
Although iodide trapping is a characteristic 
feature of the thyroid, it is not limited to this 
organ Other tissues such as the salivary 
glands, intestinal mucosa, mammary gland, 
the ciliary body and choroid plexus concen- 
trate iodide to some extent and may even form 
small amounts of monoiodotyrosme (MIT), but 
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these tissues do not possess the ability to syn- 
thesize thyroid hormones, and thus the total 
quantity of iodine stored is negligible It is of 
interest that iodide transport in these tissues 
can be inhibited competitively by the same 
anions that are effective in the thyroid How- 
ever, trapping is not regulated according to the 
need for thyroid hormone as is the case in the 
thyroid gland 

The mechanism of regulation of iodide trans- 
port m the thyroid is not clearly understood 
but one of the factors which may be involved is 
an adaptive response to thyroid-stimulatmg 
hormone (TSH) Iodide transport is greatly 
reduced m hypophysectomized animals and 
can be stimulated by the administration of 
TSH in vivo The response, however, is 
achieved only after several hours of treatment 


and attempts to stimulate iodide transport m 
vitro with TSH have been unsuccessful Thus, 
the effect appears to be indirect and a number 
of intermediate steps are undoubtedly in- 
volved in its regulation The notion has also 
been advanced that iodide transport is to some 
degree self- regulating As presently viewed, 
this regulation involves the inhibition of trans- 
port by some intracellular iodine product 
which as yet remains unidentified 

ORGANIFICATION (Pftt-Rivers and Cavahen, 
1964, Rail et al 1964 Stanbury, 1 966, 
Murray and McGuur 1964 Greer et al, 1964, 
Taurog, 1970) 

The second phase of thyroid hormone bio- 
synthesis represents the lodination of tyrosine 
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residues in peptide-lmkage within the intact 
th\roglobulin molecule a process known as 
organification or organic binding Since thyro- 
globulm IS stored within the acinar space of 
the follicle iodide which is transported across 
the membrane at the base of the cell must 
move through the cell to the opposite or apical 
pole in order to reach the site of organification 
This apparently happens very quickly since in 
radioautographic studies in rats the first ap- 
pearance of IS in the colloid adjacent to 
the epithelial membrane at the apical pole 
Monoiodotyrosme (MIT) can be detected 
shortly after the injection of The forma- 
tion of diiodotyrosme (DIT) and the coupling 
of the lodotyrosmes to form T4 and T3 occur 
somewhat later 

The mechanism of thyroglobulin lodmation 
is not clearly understood but it is probable 
that most of the reactions involved are enzy- 
matic in nature It is generally agreed that io- 
dide IS first oxidized at a site on the cell mem- 
brane adjacent to the acinus Biochemical and 
histochemical studies have revealed the pres- 
ence of an enzyme, peroxidase, and it is also 
known that the organic binding of is 
strongly inhibited by the addition of catalase 
to preparations of isolated thyroid cells While 
these findings strongly suggest that hydrogen 
peroxide is an intermediate, the oxidation 
product of iodide has not been identified with 
certainty The lodmation reaction, which in- 
volves the incorporation of oxidized or “ac- 
tive” iodine into the phenolic ring of tyrosine, 
is probably enzymatic as well and may repre- 
sent an intrinsic function of the same peroxi- 
dase system 

The final step in organification involves the 
coupling or condensing of two lodotyrosmes, 
which are in peptide linkage within the thyro- 
globulin molecule to form the lodothyronmes, 
T3 and T4 The reaction transfers the phenolic 
group from one lodotyrosme to another and 
splits out alanine which remains in peptide 
linkage The amount of T4, as opposed to T 3, 
depends to some extent on the relative 
amounts of MIT and DIT present With exten- 
sive lodmation of thyroglobulin, the ratio of 
DIT to MIT IS increased and hence the yield 
of T4 would be proportionately greater In 
man, as m a number of other animals, T4 is 
the predominant iodothyronine It should be 
mentioned, however, that the much smaller 
quantity of Tg does not necessarily lessen its 


physiological importance since the biological 
activity of T3 IS considerably more intense 
than that of T4 Whether by design or by acci 
dent, this quantitative difference in effective 
ness between T3 and T4 is useful from the 
standpoint of iodine conservation In defi 
ciency states, when iodine must be efficientK 
reutilized, the proportion of T3 increases, thus 
adding further protection against hormone de 
ficiency 

A number of cases have been reported m 
which spontaneous defects in coupling ha\e 
resulted in goiter and hypothyroidism Onh 
traces of T4 and T3 were found in these indivi 
viduals although was rapidly taken up b} 
the thyroids and incorporated into DIT and 
MIT which, m a few instances, could be de 
tected chromatographically in the plasma 

Blocking of Organification A number of 
organic compounds, including thiourea, pro 
pylthiouracil, the sulfonamide drugs, and mer- 
captoimidazoles, are known to interfere with 
organification and to cause goiter Owing to 
their effectiveness in blocking thyroid hormone 
synthesis, a number of these chemicals, espe- 
cially propylthiouracil, and one of the mercap- 
toimidazoles, Tapazole, have been widely used 
clinically in the treatment of hyperthyroidism 
Naturally-occurring goitrogens, which exert 
similar effects on the thyroid, are found in the 
seeds of many plants of the cabbage family and 
in the rutabaga and turnip 

The mode of action of these compounds has 
not been established but it is clear that all 
steps in organification are affected The cou- 
pling reaction is strongly inhibited, DIT and 
MIT formation are inhibited also although 
small amounts of MIT continue to be formed 
in the presence of a high concentration of 
blocking agent These agents exert no inhibi- 
tory effect on iodide trapping and in fact very 
high T/S ratios of iodide are usually observed 
following their administration This may result 
m part from the high levels of endogenous 
TSH which follow the reduction of thyroid 
hormone secretion 

THYROID HORMONE STORAGE AND 
RELEASE (Rail et al, 1964, Wollman, 1969, 
Murray and McGuirr, 1964) 

Thyroid hormone is stored within the gland 
as lodothyronmes incorporated in peptide 
linkage within the protein, thyroglobulin The 
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latter is a protein of about 680,000 molecular 
weight which is synthesized by the epithelial 
cells and then secreted prior to its lodmation 
into the lumen or acinus of the follicle where it 
accumulates as a material known grossi> as 
colloid Since the acinar space is separated 
trom the extracellular space by a layer of epi- 
thelial cells, the high molecular weight of the 
colloid serves to keep the osmotic pressure 
and, hence, the volume of the colloid space 
within reasonable limits 

It IS evident from the foregoing that the 
problem of hormone release becomes one of 
transporting the lodinated thyrogiobulin back 
into the epithelial cell and digesting it The 
senes of events which encompass this process 
have been dramatically unfolded with the use 
of the electron microscope Experimentally, as 
early as 5 min after TSH administration, the 
microvillous border of the epithelium adjacent 
to the colloid becomes extensively folded and 
cytoplasmic projections move out into the col- 
loid Small vesicles, known as colloid droplets, 
appear within the cytoplasm This endocytic 
process resembles phagocytosis closely and is 
one of the earliest manifestations of TSH ac- 
tion As the vesicles move toward the basal 
membrane of the cell, they fuse with lysosomes 
which contain proteolytic enzymes The pro- 
teolysis of thyrogiobulin and subsequent re- 
lease of free T 4 and T 3 is presumed to take 
place within these vesicles Although this 
process can be visualized best under maximal 
TSH stimulation, it is thought to represent the 
normal route of thyrogiobulin digestion and 
hormone release under normal physiological 
conditions 

Thyroid deiodmase. In addition to its con- 
tent of T 4 and Ts, thyrogiobulin normally con- 
tains variable quantities of MIT and DIT 
which remain uncoupled These lodotyrosmes 
are freed as a result of thyrogiobulin digestion 
and, except for small amounts which escape 
into the circulation, they are rapidly deiodi- 
nated by a potent thyroid deiodmase This 
important function tends to conserve thyroidal 
iodide for reutilization in lodinating new thy- 
roglobulm There are on record cases of hy- 
pothyroidism in which there is a genetic ab- 
sence of thyroid deiodmase From this clinical 
evidence it may be presumed that without a 
mechanism for conserving thyroidal iodide the 
gland would lose more iodide than it could 
regain by augmented iodide trapping. The in- 
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T4 Binding 
Protein 

Fig 7 29 Iodine fractions in plasma 

tracellular pool of iodide generated by this 
deiodmation reaction does not mix readily 
with the transport pool of iodide and is thus 
portected against loss from the cell at sites oi 
iodide exchange with the plasma This pool 
has been termed the second iodide pool as dis- 
tinguished from the first or transport pool 

Distributiciii and Metabolism of 
Thyroid Hormones^ 

PLASMA IODINE 

The iodine content of plasma exists m a 
number of discrete fractions and the analysis 
of these fractions in one way or another has 
been used extensively in diagnostic tests for 
hyper- and hypothyroidism (Fig 7 29) Of the 

^ Rail et al , 1964, Robbins and Rail, 1960, Tata, 
1964, Sterling, 1964 and 1970 
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total amount of iodine m plasma, which in a 
healthy individual averages about 6 fxg /lOO 
ml , 90% represents iodine in organic form and 
the remainder is free iodide Of the organic 
fractions, more than 95% is bound to protein 
Since these protem-bound fractions, collec- 
tively called protein-bound iodine or PBI, 
largely comprise bound T4 and T3, the PBI has 
been used extensively as a diagnostic test for 
hyper- and hypothyroidism The normal range 
for the PBI is 4 to 8 ^tg /lOO ml of serum, and 
values above and below this range are con- 
sistent with the diagnosis of hyper- and hy- 
pothyroidism, respectively Protein-bound T4 
and T3 can be separated from iodide and small 
amounts of MIT and DIT by extracting the 
serum proteins with butanol and then washing 
the butanol with alkali This method has been 
used to improve the diagnostic capability of 
the PBI in instances, for example, where the 
PBI may be falsely elevated after the ingestion 
of large amounts of iodide 

From the standpoint of the physiological ef- 
fects of the thyroid hormones on body tissues, 
the most important fraction is the very small 
amount of free T4 and T3, estimated to be in 
the range of 5 x 10“^^ m The quantity is too 
small to measure by direct chemical means, 
but it has been quantitatively assessed after 
equilibrium dialysis of plasma Most of it 
consists of T4, but small amounts of T3 are 
also present This free fraction is thought by 
most investigators to represent the physioiogi- 
cally-active fraction of circulating thyroid 
hormone and to correlate with the clinical 
states of hyper- and hypothyroidism 

THYROXIIM BINDING PROTEIN (TBP) 

The small fraction of free thyroxin in serum 
is in equilibrium with a much larger protein- 
bound fraction Most of the bound thyroxin 
migrates during electrophoresis with a protein 
located between ai and a 2 globulin A smaller 
portion IS bound to a prealbumin fraction In 
general terms, the quantity of T4 that is bound 
can be predicted from mass action equations if 
the total number of sites that are available for 
binding are known In clinical situations, such 
as pregnancy or after estrogen administration, 
where the TBP is known to increase, the 
amount of thyroxin bound will also increase 
This might cause a significant reduction in the 
amount of free thyroxin were it not for the effi- 
cient operation of the thyroid- pituitary servo- 


mechanism which increases the output of th\ 
roxin from the thyroid gland to maintain a 
physiological level of free thyroxin (see below) 
It should be pointed out that when the TBP is 
elevated, the PBI is also increased It is for 
this reason, among others, that the PBI has 
been largely supplanted by improved methods 
of diagnosis 

FATE OF THYROID HORMONES 

Free T4 and T3 in plasma are thought to be 
in equilibrium with free lodothyronmes within 
tissue cells, and there is considerable indirect 
evidence suggesting that the cell membrane 
does not play an active role in the transport of 
the free hormone from the vascular to the 
tissue compartments, but rather the hormones 
gam access to the intracellular compartment 
by simple passive diffusion In label stud- 
ies, the lodothyronmes have been found to 
bind firmly but reversibly to subcellular con- 
stituents such as the nuclei, mitochondria, and 
the rough endoplasmic reticulum Owing to 
the mass of skeletal muscle, the largest frac- 
tion of tracer doses of T4 and Tg can be re- 
covered from this tissue However, the most 
intense binding and highest rates of turnover 
are found in the liver It is of interest that vir- 
tually no intracellular binding of the thyroid 
hormones occurs m the brain or the gonads, 
tissues which are also unresponsive to the di- 
rect metabolic effects of these hormones 

The lodothyronmes are known to undergo at 
least three major types of reactions according 
to the tissue involved First, an appreciable 
fraction is taken up by the liver and conju- 
gated The conjugated products appear in the 
bile largely as the ^-glucuronide The product 
may undergo hydrolysis in the intestine fol- 
lowed by reabsorption of the free hormone 
This circuit from blood to liver to the intestine 
and back to blood again is known as the enter- 
ohepatic circulation A certain fraction of the 
id-glucuronide fails to be reabsorbed and is 
excreted in the feces 

Like their ammo acid cousins, the lodothy- 
ronines also undergo oxidative deamination 
and transamination These reactions occur 
both in the kidney and liver but are more 
prominent in the former and represent the 
major metabolic pathways for T4 and Ts 
this tissue 

The final and most important metabolic fate 
of the thyroid hormones is their deiodmation 
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Eventually, iodine is irreversibly lost from all 
of the hormones secreted by the thyroid except 
for that fraction which is excreted intact m the 
feces The deiodination is accomplished by a 
tissue deiodmase activity which differs from 
thyroid deiodmase m that it has a high speci- 
ficity for T4 and T3 Once iodide is liberated it 
may be retrapped by the thyroid or excreted in 
urine An interesting question may be raised as 
to whether T3 is generated within tissue cells 
by the partial deiodination of T4 While most 
investigators have felt that any T3 present in 
tissue cells gets there by inward transport from 
the free T3 pool in plasma, there is now evi- 
dence that an appreciable fraction of circu- 
lating T3 IS formed by the extrathyroidal 
deiodination of T4 

Control of Thyroid Function^ 

The thyroid gland is directly under the con- 
trol of the anterior pituitary and the loss of 
pituitary function by hypophysectomy or dis- 
ease, such as postpartum necrosis or tumor, 
results in striking involutional changes m the 
thyroid These changes include flattening of 
the follicular epithelial cells and decreases in 
rates of iodide uptake, hormone biosynthesis 
and release The FBI is often low and patients 
exhibit a low basal metabolic rate (BMR) and 
complain of extreme intolerance to cold All 
these features are directly attributable to the 
loss of thyroid-stimulatmg hormone (TSH) 
Under appropriate conditions, it is possible to 
reverse these changes and completely restore 
thyroid function It should be emphasized at 
this point that while thyroid function is greatly 
reduced in the absence of TSH, it does not 
entirely disappear and there remains a low in- 
trinsic basal activity Thus, TSH does not 
appear to bring into existence any of the es- 
sential thyroid processes, but it simply acceler- 
ates their rates 

THYROID-STIMULATING HORMONE TSH) 
(Bates and Condhffe, 1966 Odell et al, 1967. 
Field. 1968. Fremkel 1964) 

TSH IS a glycoprotein secreted by basophilic 
staining cells of the anterior pituitary It has a 
molecular weight of about 30,000 and has been 
purified sufficiently to permit the develop- 
ment of an immunoassay for endogenous TSH 

Effects of TSH. The action of TSH is lim- 

^Purves, 1964, Dobyns, 1964, Brown-Grant, 1966 
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ited to the thyroid gland, but m this tissue the 
manifestations of its activity are numerous 
and they encompass nearl3 all phases of cel- 
lular function In general the effects are stim- 
ulator> and appear to be directed toward 
speedmg-up the intrinsic processes that are 
evident in glands from hypoph\sectomized 
animals 

For purposes of description, the effects of 
TSH may be dnided into two major catego- 
ries The first is concerned with iodine metab- 
olism and includes all the steps in\ol\ed m the 
transport of iodide from the plasma into the 
cell, its organic binding and the events leading 
to the hormone release Among the earliest ef- 
fects of TSH IS the stimulation of hormone 
release As mentioned earlier, the addition of 
TSH to thyroid slices or isolated cells is fol- 
lowed within minutes b> the appearance of 
colloid droplets near the apical membrane of 
the cell This process which results m the se- 
cretion of T4 and T3 can be obser\ed m the 
absence of any evident stimulation to organifi- 
cation or iodine trapping It is clear from other 
types of experiments howe\er, that iodine 
binding is stimulated by TSH This effect is 
thought to be an independent response since it 
may be elicited under conditions where the 
trapping of iodide is blocked The stimulation 
of iodide trapping by TSH is the slow^est of the 
responses and has not been directly observed 
in isolated thyroid tissue 

Included m the second category are a large 
number of responses relating to energy' metab- 
olism, synthetic processes and cell growth In- 
creases m oxygen utilization, glucose uptake, 
and oxidation are earl> responses to TSH 
Nicotinamide adenine dmucleotide phosphate 
(NADP) levels also rise in association with the 
stimulus to glucose oxidation While this alter- 
ation has given rise to considerable specula- 
tion, its significance has not been established 
Other early effects are the stimulation of 
m corporation into phospholipids and an in- 
crease in net Na^ and water uptake Effects 
relating to cell growth are somewhat slower to 
appear These include the stimulation of pro- 
tein and ribonucleic acid (RNA) synthesis, an 
mcrease in mitotic activity and an increase m 
the height of the epithelial cells Along with 
these changes, the gland often shows increased 
vascularity 

Attempts to explain this diversity of effects 
by a single site of action has been a frustrating 
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experience for many investigators m this field, 
expeciaily since it has been shown that TSH 
does not enter the cell but probably is bound 
to receptor sites on the cell membrane As a 
result, TSH is spatially separated from the 
many locations of functions that it controls 
The answer to this problem may be the second 
messenger, cyclic AMP TSH has been shown 
to stimulate the adenyl cyclase activity in iso- 
lated thyroid cell membranes and to increase 
tissue levels of cyclic adenosine monophos- 
phate (cyclic AMP) in intact cells Moreover, 
addition of the dibutyrl derivative of cyclic 
AMP, which penetrates the cell membrane, 
evokes many of the early responses to TSH, 
notably the stimulation of colloid droplet for- 
mation and glucose oxidation Whether all of 
the effects of TSH, particularly those relating 
to cell growth, are mediated to cyclic AMP yet 
remains to be established 

PITUITARY-THYROID FUNCTIONAL 
RELATIONSHIP (Fig 7 30) (Purves, 1964 
Dobyns 1964, Brown-Grant 1966 Odell et 
al, 1967) 

It has long been recognized that the release 
of TSH by the pituitary is strongly inhibited 
by T4 and Tg It is generally thought that the 
inhibitory response is sufficiently sensitive to 
physiological concentrations of hormone that 
any significant tendency for the level of free 
T4 to deviate from a set point would be buff- 
ered by appropriate changes in the secretion of 
TSH This m a few words describes the basic 
mode of regulation of thyroid secretion by the 
pituitary In operation, it is identical to the 
type of negative feedback control or servo- 
mechanism found in many different control sys- 
tems and serves to maintain the level of hor- 
mone in plasma at a constant value When the 
constant inhibitory play of free T4 and Tg on 
the pituitary is decreased or abolished fol- 
lowing thyroidectomy or the administration of 
agents such as propylthiouracil which interfere 
with hormone secretion, TSH release in- 
creases The subsequent rise in plasma TSH 
can be measured m samples of plasma by 
immunoassay methods and will differentiate 
hypothyroidism resulting from a primary in- 
terference with thyroid hormone production in 
the thyroid from that arising secondarily as a 
consequence of the loss of TSH secretion by 
the pituitary There is some evidence, largely 


from studies of cold adaptation, that T4 also 
exerts an inhibitory effect on TSH secretion 
via the hypothalamus This effect, however 
does not play a prominent role in the feedback 
control of the thyroid 

INFLUENCE OF THE HYPOTHALAMUS ON 
THE PITUITARY-THYROID RELATIONSHIP 
(Brown-Grant, 1966 Burgus and Guillemin 
1970b) 

The basic feedback relationship between the 
pituitary and thyroid can operate independ 
ently of the central nervous system, but it is 
clear from a number of physiological studies 
that higher centers do influence this relation 
ship to a significant degree If the neurovas- 
cular link between the hypothalamus and pi- 
tuitary is interrupted experimentally, either b> 
transplanting the pituitary to another site such 
as the renal capsule or anterior chamber of the 
eye or by transecting the pituitary stalk and 
inserting an impermeable barrier to prevent 
growth of the portal vessels, the activity of the 
thyroid declines somewhat, but is still signifi- 
cantly higher than that found in hypophysec- 
tomized animals Although the amount of 
TSH that is secreted is smaller than that se- 
creted when the pituitary is in its normal posi- 
tion, the secretion can be inhibited by T4 
Thus, the basic servomechanism remains in- 
tact, but it appears as though the set point has 
been adjusted downward One of the more 
striking features of animals with transplanted 
pituitanes is their failure to release TSH with 
cold stress as occurs in normal animals 

An exciting recent development has been 
the chemical identification and synthesis of a 
small peptide serving as the humoral link be- 
tween the hypothalamus and the anterior lobe 
of the pituitary The substance which had been 
recovered from hypothalamic extracts is called 
thyrotropin releasing factor or TRF It is 
thought to be synthesized by neurons in the 
hypothalamus and secreted at nerve endings in 
the median eminence where it is picked up by 
vessels of the hypophysial portal circulation 
and then carried to the anterior lobe There it 
acts to stimulate the release of TSH Although 
much has yet to be learned about the relation- 
ship of the hypothalamus to the anterior pitui- 
tary, it may be assumed that much of the regu- 
latory activity that has just been discussed is a 
result of the interplay between the stimulatory 
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effect of TRF and inhibitory influence of T4 
and T3 on TSH secretion by the anterior lobe 
It follows from this that the level of TRF stim- 
ulation determines the set point or “thermo- 
static setting” about which the pituitary-thy- 
roid servomechanism operates There is al- 
ready considerable evidence that the setting is 
increased m homeothermic animals when they 
are exposed to cold 

thyroid regulation in some 

COMMON SITUATIONS 

Goiter. Any agent or condition which inter- 
feres directly with thyroid hormone production 
will promote increased TSH secretion by de- 
creasing the inhibition of TSH release If the 
interference is prolonged, thyroid enlargement 
or goiter may result This is the usual mecha- 
nism of goiter formation associated with the 
administration of thyroid blocking agents such 
as propylthiouracil or thiocyanate, or following 
ingestion of naturally occurring goitrogens In 
all of these instances, the thyroid enlargement 
is dependent on continued TSH secretion 
since, in animal experiments, removal of the 
pituitary or suppression of TSH release by the 
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administration of T4 will pre\ent goiter forma- 
tion 

Thyroxm-Bindmg Proteins (TBP) It was 
mentioned earlier m this chapter that the 
physiological activity of thyroid hormone on 
tissues is more likely related to the free frac- 
tion m plasma than to the much larger amount 
bound to protein The quantity of bmdmg- 
protein is known to increase considerably in 
such situations as pregnancy or following the 
administration of estrogens and ma\ decrease 
where there are abnormal urinary losses of pro- 
tein as in nephrosis It is of interest then to 
consider the consequences oi changes m the 
level of binding proteins on the regulatory 
mechanisms As the level of binding protein 
rises for any reason, more T4 will be bound 
and the free fraction of T4 will tend to fall 
Owing to the operation of the pituitary-tby roid 
servomechanism, any reduction m free T4 will 
evoke an increase m the rate of secretion bv 
the thyroid This response will take place con- 
currently with the rise m TBP and when the 
rise ceases, many of the additional binding 
sites on the protein will be occupied bv T4, 
thus contributing to an elevation m the PBI 
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Fig 7 30 Scheme showing major regulatory influences on the thyroid 
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The concentration of free T4, however, will 
remain the same since it is adjusted by the 
setting of the servomechanism Thus, the end 
result of the physiological adjustment to a rise 
in TBP IS a larger pool of T4, most of which is 
bound Hyperthyroidism does not occur in this 
situation since tissue effects of T4 are related 
to the free fraction, not the amount bound 

The opposite changes occur when the level 
of TBP falls, as for example following preg- 
nancy An effect similar to an actual fall in the 
level of binding protein may be obtained by 
the administration of drugs such as salicylates 
which compete with thyroxin for the binding 
sites 

Tissye Effects of Ttiyroid Hoirmosie 

The mechanism of action of the thyroid 
hormones at the tissue Ipvel is not known It is 
clear, however, that the lodothyronines T4 and 
T3 exert numerous effects on nearly every 
tissue of the body While the diversity of these 
effects seems endless and limited only by the 
imagination and energy of the investigator, 
most of the effects appear to participate in the 
regulation of two general types of processes a) 
growth and differentiation, and b) oxidative or 
energy metabolism Aside from purposes of 
discussion, there are reasons for believing that 
these two categories of responses may repre- 
sent different actions of thyroid hormone It is 
known, for example, that T4 will stimulate 
oxygen utilization in all homeothermic verte- 
brates, but little or no response is seen in poi- 
kilothermic animals On the other hand, meta- 
morphosis in amphibia and other poikilo- 
thermic vertebrates is strongly dependent on 
the presence of a functioning thyroid The 
basis for such a differentiation may be more 
apparent than real, however, since investiga- 
tors have now begun to recognize that the ef- 
fect of thyroid hormone on oxygen utilization 
may depend on an alteration at the level of 
gene expression 

GROWTH AND DIFFERENTIATION 
(Shallabarger, 1964) 

Early studies have shown a clear dependence 
of metamorphosis in frogs on thyroid hor- 
mone The administration of thyroid extract to 
frog tadpoles results in rapid metamorphosis 
and the production of small but otherwise 
normally developed frogs Contrarily, thyroid- 


ectomized tadpoles fail to develop legs al 
though general somatic growth continues 
Thus, very large larval forms are produced in 
this way Mammalian development is also m 
fluenced by thyroid hormone Hypophysec* 
tomy in very young rats treated with growth 
hormone will show general growth of bone, but 
striking abnormalities in the epiphyseal stmc 
ture will appear While T4 alone in these am 
mals has little apparent effect on general so 
matic growth, it is required for the normal pat 
tern of bone maturation Development of the 
central nervous system is also affected by the 
thyroid, a response which is thought to account 
for the mental retardation in cretinism where 
thyroid function is lacking early in life 

CELLULAR METABOLIC PROCESSES 
(Barker 1964 Wolff and Wolff 1964 

In 1895 Magnus-Levy observed a low basal 
oxygen consumption in hypothyroid patients 
and was able to reverse this defect by the ad 
ministration of thyroid extract It has been 
shown subsequently that basal oxygen con 
sumption in the range of 50 % below normal to 
twice the normal rate is directly influenced by 
the level of circulating thyroid hormone Both 
T3 and T4 have qualitatively the same effect 
on tissue respiration and other metabolic proc 
esses, although there are quantitative differ 
ences that were alluded to earlier Investiga 
tion has shown that mole for mole the effect of 
T3 on oxygen consumption is quicker to ap 
pear and gives a greater peak response than 
does T4 However, since the total duration of 
effectiveness of T3 is shorter than T4, both 
drugs are thought to give about the same 
overall response 

Alterations in oxidative metabolism are also 
evident in isolated tissues taken from hyper- 
and hypothyroid animals Large changes in O2 
utilization are seen in liver, muscle, kidney, 
heart, salivary glands, and the pancreas, while 
other tissues such as brain, spleen, lymph 
nodes, and the gonads, are apparently unre- 
sponsive to the hormone It is of interest to 
note, as was mentioned earlier, that labeled T4 
does not bind appreciably to subcellular parti- 
cles from the latter group of tissues 

The mode of action of thyroid hormone on 
oxygen consumption has been the subject of 
extensive investigation for many years In gen- 
eral, all oxidative processes are speeded up m 
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tissues from hyperthyroid animals The utiliza- 
tion of energy yielding substrates, such as glu- 
cose and fatty acids, are greatly increased but 
it IS clear that the effect is not simply the re- 
sult of an increase in the availability of these 
substrates for oxidation Some basic change 
has occurred in oxidative machinery of the 
cell In view of the similarity between hyper- 
thyroidism and the hypermetabolism which 
results from the administration of uncouplers 
of oxidative phosphorylation, such as dinitro- 
phenol, the notion has been put forth that thy- 
roid hormone acts as an uncoupling agent It is 
true that some deficiency in ATP formation 
does occur, particularly in very severe hyper- 
thyroidism, but in slight or moderate hyper- 
thyroidism ATP levels may be normal or even 
increased Furthermore, since it is not possible 
to couple oxidative phosphorylation more 
tightly than one sees in euthyroid states, it is 
difficult to explain the decreased oxygen con- 
sumption m hypothyroidism Most of the evi- 
dence clearly points to the regulation of oxida- 
tive metabolism within the mitochondria, with 
or without effects on the coupling of oxidation 
to ATP formation 

While the biochemical mechanism of the 
thyroid hormone-induced hypermetabolism is 
still not clear, it does seem probable that the 
effect IS dependent on some fundamental al- 
teration of the cell which involves new protein 
synthesis This alteration could represent en- 
zyme protein, structural components or a 
cluster of changes It has long been known that 
the effects of T 4 and even the faster-acting T 3 
on O 2 consumption are slow to appear, often 
requiring days of treatment before optimal in- 
creases have been established One may pre- 
sume, of course, that other changes occurred 
much earlier since it is known that the hor- 
mones attach themselves to cellular sites soon 
after they penetrate the cell membrane Ear- 
lier effects have in fact been measured and one 
of the first recorded is an increase m the S 3 m- 
thesis of nuclear RNA in livers of hypothyroid 
rats This is followed by the stimulation of 
protein synthesis in certain fractions of cell 
protein, including mitochondrial protein Of 
interest is the further finding that when pro- 
tein synthesis is inhibited, the enhancement of 
O 2 consumption following T 4 fails to appear 
Such an apparent dependence of tissue respi- 
ration on protein synthesis in this instance 
does not imply that all metabolic effects of T 4 


Ccntroj o' funcHDn 7-39 

and T 3 are related to protein synthesis, but it 
does implicate one or more ot the ke\ ^teps 
leading to hypermetabolism 

A number ot other metabolic changes are 
seen in hyper- and hypothyroidism Owing to 
the need for large quantities ot oxidizabie sub- 
strate in hyperthyroidism, glycogen stores in 
liver may become rapidly depleted in the pos- 
tabsorptive state and the breakdown ot body 
protein, especially skeletal muscle, may be 
increased to provide carbon tor gluconeogene- 
sis The oxidatmn ot latt\ acids and choles- 
terol IS mcieased in hyperthvroidism Ihe 
opposite eftect is seen in hypothyrodism where 
hypercholesterolemia is a prominent teature 
Because of this blood finding and the high in- 
cidence of angina and ischemic heart disease 
in hypothyroidism, considerable effort has 
been expended in synthesizing thvroid hor- 
mone analogues w^hich will lower serum choles- 
terol without producing significant calongenic 
effects Despite the prominent catabolic ettect 
of thyroid hormone on protein metabolism that 
is evident clinically m severe hyperthyrodisim, 
thyroid hormone does exert significant ana- 
bolic effects on tissue and body growth The 
effect IS clearly seen from the retardation of 
growth that occurs when adequate amounts of 
thyroid hormone are lacking during develop- 
ment 

Physiological Aspects of Thyroid 

Disorders^ 

THYROID UPTAKE (Goolden 1964) 

A variety of tests have been devised to 
measure thyroid function by the amount of 
^^T-iodide taken up m the thyroid under spec- 
ified conditions By and large these have 
proven to be useful not only in the diagnosis of 
thyroid disorders but m extending our knowl- 
edge of the basic functioning of the thyroid As 
is so often the case, the two objectives are in- 
separable since an intelligent understanding of 
disease requires a full knowledge of the 
working of the system m health Most of the 
tests have employed external counting of ra- 
dioactivity over the thyroid region m the neck 
from 10 mm to 48 hr after the test dose 
Since plasma iodide is cleared almost exclu- 
sively by the thyroid and the kidneys, the 
quantity of radioactivity excreted m the urine 

® MacGregor, 1964, Morgans, 1964 



7-40 £ D 0 c H ^ z c o j*’ : ^ G ^ o ? 


will provide an mdiiect assessment of uptake 
Other modifications ha\e included the meas- 
urement of m PBI after 24 to 48 hr as an 
assessment of hormone secretion The average 
range of values for the 24-hr thyroid uptake m 
normal subjects is 10 to 40% of the test dose 
Values above 50% are indicative of hyperthy- 
roidism (Fig 7 31) 

The uptake is influenced b> many fac- 
tors, some of which should be considered in 
the interpretation of clinical data The inges- 
tion of iodides will reduce uptake by dilution 
of the label in plasma and by a direct, but not 
well understood, suppression of thyroid ac- 
tivity Thyroid blocking agents, of course, 
exert inhibitory effects Since the pool of free 
iodide in the thyroid is small compared with 
the pool of organised iodine, uptake in the 
presence of a block in organification will not 
be large The administration of perchlorate 
will discharge this pool of however, but 
will not reduce any radioactivity that has been 
organically bound This method has proved 
useful in differentiating defects in organifica- 
tion from other forms of hypothjnroidism 



Fig 7 31 The accelerated turnover of iodine m thy- 
rotoxicosis demonstrated by studies in a thyrotoxic 
woman following an intravenous dose of 25 fic The thy- 
roidal uptake of was very rapid the thyroidal clear- 
ance rate being 302 ml /mm /I 73 m ^ a spontaneous 
release of radioactivity beginning after 2 hr was reflected 
by a steady increase of protein-bound radioactivity in the 
serum at all times more than 90% of this was 

extractable with butanol chromatographic analyses con- 
firmed the presence of lodothyronines from 2 hr on- 
wards {From Murray and McGirr 1964) 
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The change m uptake after the test adminis- 
tration of TSH or T4 (T3) has on occasion 
proved to be extremely useful diagnostically 
In hypothyroidism of pituitary origin, the ad- 
ministration of TSH will greatly stimulate 
uptake Thyroxin or T 3 will suppress uptake 
by its inhibitory effect on TSH release In the 
hyperthyroidism of Graves’ disease however 
uptake is not suppressable with T 3 and this 
test has been widely employed to differentiate 
borderline cases of hyperthyroidism of this 
kind from otherwise normal individuals with 
overly active thyroids 

HYPERTHYROIDISM 

This clinical condition results from excessne 
levels of thyroid hormone m plasma The term 
IS a physiological designation and, hence, does 
not denote the source of the hormone Gener- 
ally, the cause is hypersecretion by the thy- 
roid, but an excessive oral intake of thyroxin 
will give the same result Hypersecretion b} 
the thyroid commonly arises either from a dif- 
fuse hyperplasia of the thyroid or from hyper- 
plastic nodules Rarely, it is associated with 
thyroid malignancy The first of these afflic- 
tions classically occurs in young women and is 
known in this country by the eponym, Graves’ 
disease The cause of the diffuse hyperplasia 
has not been clearly established, but there is 
abundant evidence that it is not the result of 
an overproduction of TSH since plasma levels 
are usually within normal limits or even re- 
duced somewhat More recent findings indi- 
cate the presence of a long-acting thyroid 
stimulator (LATS) in the plasma of many pa- 
tients with this disorder LATS is a protein 
recovered from 7 globulins which is thought to 
arise as part of an autoimmune response to 
tissue antigens It exhibits many of the proper- 
ties of TSH but IS clearly not of pituitary or- 
igin and would appear to be able to exert its 
effects independently of the normal thyroid 
control mechanisms Nodular hyperplasia is 
more common in older individuals and when 
associated with hyperthyroidism only portions 
of the gland may be overly active 

Regardless of the cause of the excessive 
hormone secretion, the effects are about the 
same and consist of intolerance to heat, in- 
creased basal oxygen consumption (BMR), 
cutaneous vasodilatation and sweating, in- 
creased appetite despite weight loss, an m- 
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crease in the basal heart rate, a fine tremor of 
the hands, emotional irritability, and charac- 
teristic eye signs consisting of lid retraction, 
exophthalmos, and swelling of the circumor- 
bital tissues The eye signs are more com- 
monly seen m hyperthyroidism of diffuse hy- 
perplasia than in cases of so-called '‘toxic 
nodule ” Many of the signs and symptoms of 
hyperthyroidism closely simulate effects of 
epinephrine While there is no evidence that 
excessive secretion of epinephrine is a primary 
factor m hyperthyroidism, it is clear that the 
effects of these agents are strongly potentiated 
m this disorder Thus, efforts to reduce epi- 
nephrine secretion, by the use of ganglionic 
blocking agents, have been successfully ap- 
plied in the treatment of severe thyrotoxicosis 

The clinical diagnosis is usually confirmed 
by objective measurements in the laboratory 
Estimates of the BMR were widely used in the 
past but have been superseded by more reli- 
able and convenient diagnostic procedures 
These include estimations of the amount of 
hormone in plasma by the FBI, the butanol- 
extractable iodine or the T3 uptake test The 
last involves adding radioactive T3 to the pa- 
tient’s plasma in vitro and measuring the up- 
take of T 3 by resin after incubation Assuming 
the level of bmding protein to be normal, a 
high T4 level results m a low concentration of 
unoccupied binding sites, little binding of T3 
and a high uptake by the resin As mentioned 
above, the uptake of by the thyroid is 
usually increased, but of more importance 
diagnostically, is its failure to be suppressed 
by a trial of T3 The gland behaves as though 
it were autonomous and free from pituitary 
control 

The treatment of hyperthyroidism consists 
of reducing the activity of the thyroid gland by 
removing it surgically, destroying thyroid 
tissue by radiation with or by the use of 
antithyroid drugs such as propylthiouracil, 
methyl mercaptoimidazole, or perchlorate The 
choice of treatment in any particular case 
must be carefully weighed after considering 
the many factors which bear on treatment 


The reader is referred to standard clinical text- 
books for further discussion 

HYPOTHYROfDfSM 

The consequences of thyroid hormone defi- 
ciency are greatly influenced by the age of the 
individual at the onset of the deficiency Wlien 
it IS present in infancy, treatment must be 
started promptly or dwarfism, retention of in- 
fantile body proportions, and mental retarda- 
tion will invariably result A term that has 
been applied to this condition is cretinism 
Congenital hypothyroidism is most commonly 
caused by environmental iodine deficiency, 
although many cases of inherited enzyme de- 
fects in hormone production associated with 
goiter hav e been reported Adult hypothy- 
roidism may be of pituitary origin, but it is 
usually the consequence of a primary^ thyroid 
disorder Loss or greatly reduced thyroid func- 
tion may result from the administration of 
thyroid blocking agents, thyroidectomy or de- 
struction of the gland by or as the ter- 
minal stage in a disease process known as 
Hashimoto’s disease or autoimmune thyroid- 
itis The clinical picture of classical hypothy- 
roidism IS one of a gradual onset of lethargy, 
intolerance to cold, voice changes, slowing of 
mental faculties, and mental confusion There 
IS a characteristic thickening of the skin of the 
lips, fingers, below the eyes, and of the legs 
The thickening is the result of the deposition 
of mucoprotem in the subcutaneous tissues, 
and when excessive, is called myxedema 

The clinical diagnosis of hypothyroidism 
may be confirmed in the laboratory by the use 
of the same tests described under hyperthy- 
roidism When hypothyroidism of pituitary 
origin IS suspected, an increase m uptake 
by the thyroid after a trial of TSH administra- 
tion may be helpful Hypothyroidism is 
treated by the oral administration of T4 or 
crude thyroid extract The dose is adjusted 
after careful consideration of the patient’s car- 
diac status since large initial doses may pre- 
cipitate acute myocardial ischemia in patients 
with long standing hypothyroidism 



5 ' CONTROL OF CALCIUM 
HOMEOSTASIS BY PARATHYROID 
HORMONE, CALCITONIN. AND VITAMIN D 


The parathyroid glands and thyroid C cells 
provide hormonal control for fine adjustment 
in extracellular calcium concentrations Many 
processes require ionic calcium, within narrow 
limits of concentration, to function properly 
Functions of calcium fall into two general 
categories 1) maintenance of specific mem- 
brane permeabilities, and 2) activation of en- 
zymatic reactions Examples of calcium-re- 
quirmg processes include acetylcholine 
release, neuromuscular excitability, membrane 
adenosine triphosphatase (ATPase) activities 
and actin-myosin interaction m muscle con- 
traction Reviews of calcium homeostasis can 
be found in Copp (1969 and 1970) 

The major factors involved m regulation of 
calcium homeostasis are diagrammed in Figure 
7 32 Nonhormonal regulation of blood calcium 
involves changes in calcium influx through the 
intestine and excretion through the kidney 
that are brought about in following ways 1) If 
calcium content of the diet is low, little is 
available for intestinal absorption, but the low 
amount increases the capacity of the intestine 
to take up calcium The effective amount of 
calcium m the diet can be lowered by certain 
foods such as some cereals and spinach These 
foods contain acids (phytic and oxalic) forming 
insoluble complexes with calcium and pre- 
venting its absorption 2) Calcium absorption 
is changed by the amount of inorganic phos- 
phate in the diet A low level of phosphate in- 
creases calcium uptake and a high level de- 
creases it Work with experimental rat diets 
indicates an optimal ratio of 0 05% Ca/0 03% 
P Calcium and phosphate absorption are also 
influenced by parathyroid hormone as will be 
discussed later 3) Absorption of calcium by 
the duodenum and upper jejunum is partly ac- 
tive and partly passive Active calcium trans- 
port has been known to require vitamin D But 
as seen in Figure 7 33, a vascularly perfused 
isolated intestinal system from a vitamin D 
7-42 


deficient animal was not responsive to the \ita- 
min itself when added to the perfusate How- 
ever, in VIVO injection of D 3 12 hr prior to the 
experiment increased calcium transport The 
preparation was much more responsive to 
25-hydroxycholecalciferol (25-(OH)D3), a 
metabolite of D3 It has since been found that 
(1, 25-(0H)2D3) is the active metabolite of Dg 
(Omdahl et al, 1971) This compound is s>n- 
thesized in the kidney (Fraser and Kodicek, 
1970) and acts to induce synthesis of a spe- 
cific calcium-bmdmg protein in the intestinal 
mucosa cells (Wasserman and Taylor, 1966) 
and a Ca^^-dependent ATPase in the brush 
border Deoxyribonucleic acid (DNA) trans 
cription IS not required for the increased cal 
cium transport, but is required for conversion 
of D3 or 25-(OH)D3 to 1, 25-(OH)2D3, (Tanaka 
et al , 1971) It has been suggested that 1,25 
(OH) 2D 3 be classified as a hormone control 
mg calcium metabolism 4) Hypomagnesemia 
nearly always results in hypercalcemia, al 
though the mechanism involved is not clear 
Magnesium itself may be regulated by para 
thyroid hormone In some instances, these di 
valent cations may substitute for each other, 
while in others, their effects are opposing In 
any case, magnesium modifies the effective 
ness of calcium 10ns 5) In addition to these 
effects on intestinal absorption, excretion of 
calcium through the kidneys can play an im 
portant role in nonhormonal control of hyper- 
calcemia When plasma calcium increases 
above normal, urinary excretion increases rap- 
idly 

HORMONAL REGULATION 

Two hormones are responsible for fine regu- 
lation of blood calcium level, parathyroid 
hormone (parathormone or PTH) from the 
parathyroid glands and calcitonin from the 
ultimobranchial tissue whether present as “C 
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Fig 7 32 Diagram of factors involved in calcium 
homeostasis Intestinal absorption renal excretion and 
accretion and resorption of Ca^"^ by bone are the 
major factors involved Calcitonin produced by the C 
cells of ultimobranchial origin and parathyroid hormone 
produced by the chief cells of the parathyroid are major 
regulatory factors (From Copp 1968) 

ceils in mammalian thyroid or as a separate 
gland in other classes of vertebrates The two 
hormones work m a reciprocal manner to 
maintain blood calcium concentration near 10 
mg/100 ml (5 mEq /liter), with only a small 
diurnal variation, in spite of large changes in 
intake Although an adult has a total of 1000 to 
1200 g of calcium, more than 99% is unavail- 
able in ionic form since it is crystallized in 
bone or complexed with protein or other an- 
ions in blood (Table 7 4) Quite obviously, 
blood calcium homeostasis must be regulated 
by sensitive mechanisms that can be rapidly 
initiated and terminated 

PARATHYROID GLANDS 

Parathyroid glands are found in all animals 
above the fishes In humans, there are usually 
two pairs, located close to the posterior surface 
of the thyroid in the neck The number and 
location may vary significantly, however Total 
weight for the four glands is about 120 mg 
Even though the parathyroids were known 
since 1909 to be associated with blood calcium 
and with tetany, it was not until 1959 that a 
fairly pure preparation of PTH was made 
(Aurbach, 1959) PTH is secreted by the chief 
cells, especially the dark-staming type of the 
parathyroid gland PTH is a single chain poly- 
peptide with 83 ammo acids and a molecular 
weight of approximately 9500 (Potts et al, 
1968) The ammo acid sequence of bovine 
hormone has been determined (Brewer and 
Ih)nan, 1970), and found to have 84 ammo 


acids Onl> small amounts of human hormone 
are a\ailable for structural studies A portion 
of the ammo terminal end of the molecule (35 
ammo acids) has significant biological activity 
and essentially full immunological activity 
The overall physiological function of PTH is 
to maintain blood calcium at 10 mg /lOO ml 
by providing more calcium if the blood level 
falls For example if an animal is parathy- 
roidectomized, blood calcium will fall from 10 
to 6 or 7 mg /lOO ml Injection of PTH will re- 



Fig 7 33 Response of vascularly perfused intestine 
to vitamin D and hCC (From Deluca 1970) 


Table 7 4 

Forms of calcium and phosphate in normal plasma 

Cone immoleb/ Per Cent 
litre) of Total 


Calcium 


Free ions 

1 16 

47 5 

Protein bound 

1 14 

46 0 

CaHPO^ 

0 04 

16 

CaCit“ 

0 04 

17 

Unidentified complexes 

0 07 

32 

Total 

2 45 

100 0 

Phosphate 

Free HPOr 

0 50 

43 0 

Free H 2 PO 7 

Oil 

10 0 

Protein bound 

0 14 

12 0 

NaHPO^" 

0 33 

290 

CaHPOr 

0 04 

30 

MgHPOT 

0 03 

30 

Total 

1 15 

100 0 


From Walser, 1961 
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Fig 7 34 Serum calcium levels following calcium and EDTA infusions in normal and parathyroidectomized dogs 
(From Sanderson et al 1960 as adapted by Copp 1968) 


turn the level to normal The parathyroidec- 
tomized or thyroparathyroidectomized animal 
(thyroid and parathyroid glands removed) can- 
not rapidly compensate for hypercalcemia or 
hypocalcemia Infusion of calcium or ethylene- 
diaminetetraacetic acid (EDTA) (a calcium- 
binding agent), systemically, results in a more 
prolonged period of hyper- or hypocalcemia 
(Fig 7 34) The only known stimulus for secre- 
tion of PTH is low blood calcium This was 
demonstrated experimentally by perfusing the 
thyroid- parathyroid gland complex through the 
arterial supply with blood containing various 
levels of calcium or EDTA (Copp and David- 
son, 1961) Although venous drainage from the 
glands remained intact, amounts of calcium or 
EDTA used in the perfusions were not enough 
to change systemic calcium levels Thus, any 
change found peripherally was due to hor- 
monal action Using this technique, systemic 
calcium levels were found to rise if the glands 
were perfused by EDTA-contaming blood, and 
to fall if high-calcium blood was used With 
the aid of a sensitive radioimmunoassay, it is 
possible to measure blood levels of PTH PTH 
secretion rate is found to be a linear function 
of plasma calcium concentration in the range 
of 6 to 12 mg./lOO ml (Fig. 7 35) The half-life 
in blood is 20 mm (Melick et al, 1965) 

ACTIONS OF PTH 

Three sites of action are involved in the 
ability of PTH to raise plasma calcium con- 



Fig 7 35 The effect of intravenous infusion of cal 
cium and EDTA upon plasma calcium [lower] and plasma 
parathyroid hormone concentrations (upper) (From Care 
etal 1966) 

centration The first and probably most impor- 
tant site IS bone, where PTH stimulates re- 
sorption and release of calcium The mineral 
in bone is mostly m the form of a complex 
crystal called hydroxyapatite, [(CasPOdals^ 
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Ca(0H)2 Minerals are either part of this 
cr\ stal or adsorbed to the surface of it A large 
surface area provided by the crystal arrange- 
ment facilitates mineral exchange between 
bone and blood Some calcium m bone will 
exchange with plasma calcium rather easily 
(exchangeable calcium) and some will do so 
slowl> or at an immeasurable rate (stable or 
nonexchangeable calcium) PTH mobilizes 
bone calcium from two areas, osteolysis in- 
creases around large osteocytes and osteoclast 
activity increases (Figure 7 36) The result is 
resorption of bone, and in large part, it is the 
stable bone that is broken down In this proc- 
ess, the organic matrix of bone is dissolved as 
well, and hydroxyproline, a product of collagen 
dissolution, IS excreted in the urine This sub- 
stance forms the basis for assessment of the 
relative rate of bone dissolution and is used 
clinically for this purpose Release of calcium 
appears to occur in two stages a) a small 
amount is liberated in the first several hours, 
and b) a larger amount is liberated more 
slowly over a longer subsequent period (Ras- 
mussen et al, 1964) Release of the larger 
amount requires RNA synthesis, since actino- 
mycin D, an inhibitor of this process, will in- 
hibit calcium release PTH has been shown to 
directly stimulate RNA synthesis in vivo and 
in vitro m bone (Steinberg and Nichols, 1968) 
PTH appears to stimulate adenyl cyclase 
and to result in the formation of increased 
amounts of cyclic adenosine monophosphate 
(cyclic AMP) in bone (Fig 7 37) Calcitonin has 
only a small effect on cyclic levels and does not 
antagonize or enhance the effects of PTH 


Periosteum Endosteum 



Fig 7 36 Diagrammatic representation of part of the 
cross section of bone wall from the mid shaft of the fe- 
mur of a 10-day-old rabbit Layers of cells on the peri- 
osteal surface are associated with bone growth while 
cells on the endosteal surface are associated with bone 
resorption (From Owen and Bingham 1968) 
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Fig 7 37 Effect of calcitonin (TCT) and parathyroid 
hormone on 3' 5' AMP in skeletal tissue during 5 min 
of exposure (From Chase and Aurbach 1970) 

Addition of dibutyryl 3'-5'-AMP causes effects 
m VIVO and in vitro similar to those recognized 
as physiological respones to PTH Parathyroid 
hormone and dibutyryl 3 '-5'- AMP cause in- 
creased rates of glycolysis and increased syn- 
thesis and release of acid hydrolases, enzymes 
that are associated with lysosomes (Vaes, 
1968a) Increased glycolysis results in produc- 
tion of acid that solubilizes bone mineral Acid 
hydrolases digest the organic matrix These 
factors account for release of calcium, phos- 
phate and ammo acids into the blood (Fig 
7 38) The full effect of PTH on bone requires 
vitamin D, a substance that can also stimulate 
bone calcium release Neither compound is 
completely active in the absence of the other 
A second site of PTH action is on the kid- 
ney, where it increases reabsorption of calcium 
and decreases calcium excretion Since PTH 
also increases serum calcium, the net effect 
often is an increase m urinary calcium concen- 
tration in spite of increased tubular reabsorp- 
tion Often, a more marked effect of PTH is 
increased excretion of phosphate Effects of 
PTH infusion on renal excretion of phosphate 
and cyclic AMP are shown m Figure 7 39 The 
phosphaturic effect of parathyroid hormone 
may be mediated by an effect on the cellular 
movements of calcium rather than on phos- 
phate itself (Eisenberg, 1968) 

Whether vitamin D has a direct effect on 
kidney or not is still being debated, but like 
PTH it causes phosphatuna It also increases 
plasma phosphate and urinary calcium, but 
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Fig 7 38 Presumed mechanism of PTH-mduced bone resorption by osteoclasts (Adapted from Vaes 1968b) 



Fig 7 39 Effect of infusion of parathyroid hormone 
on excretion of phosphate and cyclic-3'-5'-AMP by a 
parathyroidectomized rat Cyclic AMP appearing in the 
urine is largely of renal origin and is associated with in- 
creased adenyl cyclase activity in cortical tissue In con- 
trast vasopressin increased adenyl cyclase activity in 
the renal medulla (From Chase and Aurbach 1968) 

does not increase calcium reabsorption from 
the tubule as PTH does 
A third site of PTH action is the intestine, 
where it increases active absorption of cal- 


cium, but only in cooperation with vitamin D 
Some active transport does occur without 
PTH, but none without the vitamin Phos- 
phate transport by small intestine is also stim- 
ulated by PTH and vitamin D 

THYROID C CELLS 

During the course of studies of parathyroid 
hormone, several kinds of experiments could 
not be explained by invoking a calcium-raismg 
hormone alone, but suggested the existence of 
a calcium-lowering substance as well For 
example, when thyroparathyroids of dogs were 
perfused with a high calcium solution, blood 
calcium fell further and faster than it did m 
animals that were parathyroidectomized Copp 
et al (1962) proposed that lowering of serum 
calcium when the glands were perfused with 
high calcium was not simply due to shutting 
off of PTH secretion by negative feedback 
Munson et al (1968) then found that injection 
of thyroid extracts decreased serum calcium by 
2 mg /lOO ml (Fig 7 40) 

Since this discovery in the early 1960's, cal- 
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citonin has been isolated and purified and the 
structure has been determined Comparative 
structure of porcine, bovine, salmon, and 
human calcitonin is shown m Figure 7 41 
Mammalian hormones were obtained from ex- 
tracts of thyroid while salmon calcitonin was 
extracted from the ultimobranchial body, an 



Dose of Rat Thyroid Extract 
Fraction of Gland per Rat 


Fig 7 40 Dose response curve illustrating the effect 
of rat thyroid extract on serum calcium m young male 
rats 1 hr after subcutaneous infection The horizontal 
dashed line and shaded band at the top represent the 
mean and standard error for control rats (From Mun*’Dn 
etal 1968) 


outgrowth of the primitive pharynx Each 
hormone consists of a single chain of 32 ammo 
acids with an mtracham disulfide bridge be- 
tween positions 1 and 7 and a prolinamide at 
the carboxyl terminus When tested in mam- 
mals, biological activities of porcine, bovine, 
and human calcitonin are similar, but the 
salmon hormone is 20 to 40 times more active 
Only nine positions are occupied by the same 
ammo acid in all 4 molecules Some regularity 
of structure is apparent, however, since hydro- 
phobic residues occur at almost regular inter- 
vals along the molecule S 3m thesis of the entire 
molecule and various peptides has shown that 
all 32 ammo acids are necessary for full biolog- 
ical activity (Sieber et al, 1970) 

Calcitonin is synthesized m the parafollic- 
ular “C” cells of the thyroid, cells which 
came originally from embryonic tissue of the 
ultimobranchial body Immunofluorescence 
studies have been used to identify calcitonin- 
producmg cells (Fig 7 42) The hormone is 
stored in the cells m granules measuring 100 to 
200 p When the gland is perfused with hyper- 
calcemic blood, stored hormone is released as 
indicated by degranulation of the cells Secre- 
tion of calcitonin is also stimulated by glu- 
cagon and cyclic 3'-5'-AMP, suggesting a role 
for cyclic -AMP m secretion of this protein 
(Bell, 1970) Cytological studies indicate that 
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Fig 7 41 Comparison of amino acid sequence of porcine bovine human and salmon calcitonin Solid bars indicate 
sequence positions homologous between salmon and human hormone stippled bar indicates position where either 
phenylalanine or tyrosine is found in each of the calcitonins (From Potts et al 1970 ) 
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Fsg 7 42 Dog thyroid gland The tissue was freeze- 
dried at -40® C and embedded m paraffin wax Spe- 
cific immunofluorescence exclusively in C cells was 
demonstrated using an indirect technique with rabbit 
antiporcine calcitonin and fluorescence-labelled goat 
anti-rabbit 7-globulin (From Pearse 1970) 

much more calcitonin is stored and ready for 
release by the cells than PTH by the chief 
cells of the parathyroid. 

Immunoassay of calcitonin has been devel- 
oped and has shown 1 ) that calcitonin is se- 
creted at physiological levels of blood calcium, 

2 ) that secretion of hormone is raised within a 
few minutes after blood calcium is raised, and 

3 ) that the hormone rapidly disappears from 
the blood The large increase in secretion fol- 
lowing perfusion with blood contaimng high 
calcium levels confirms the presence of large 
stores of preformed calcitonin Calcitonin re- 
lease IS proportional to the blood calcium level 
within 9 to 22 mg /1 00 ml Inspection of Figure 
7 43 shows that PTH and calcitonin are se- 
creted together only within the range of 
normal plasma calcium levels 

ACTiONS OF CALCITONIN 

The pnmary effect of calcitonin is to inhibit 
bone resorption and calcium release, thereby 
lowering blood calcium The maximum effect 
IS a decrease of 3 to 4 mg /lOO ml of calcium 
Although not directly competitive to PTH, the 
effect IS opposite. As with PTH, magnitude of 
the effect on bone is significantly greater in 
young animals Calcitonin causes a rapid de- 
crease in plasma phosphate as well as calcium 
The mechanisms of these effects are not un- 
derstood, but the hormone m some way abol- 
ishes the effectiveness of PTH after formation 
of cyclic AMP. Actually, the bone effects of 
PTH and calcitonin are somewhat more com- 


plicated, since in addition to effects on cal- 
cium flux, PTH increases the rate of bone col- 
lagen formation, calcitonin inhibits it, and 
both together will further increase collagen 
formation (Kalu, et al, 1970) No definite effect 
of calcitonin has been shown on kidney or gut, 
and its full effect may be seen even in eviscer- 
ated animals 

Hypercalcemia is fairly rare under normal 
circumstances, and this has raised a question 
about the relative importance of calcitonin 
The hormone can protect an animal from hy- 
percalcemia after a forced feeding of high 
amounts of calcium, but recent experiments 
show that it can also prevent hypercalcemia in 
a fasted rat eating a normal lon-contaimng 
diet (Munson and Gray, 1970) It is likely to 
counterbalance PTH action in all situations of 
calcium stress, such as lactation m mammals, 
starvation, and periods of rapid bone growth 

DISORDERS OF CALCIUM HOMEOSTASIS 
OF C CELL ORIGIN 

Calcium imbalances deriving from calcitonin 
are rare, but it has been proven that medullary 
carcinomas of the thyroid gland are really 
tumors of C cells, and these produce large 
amounts of calcitonin Blood calcium and 
phosphate may be normal or in some instances 
low In these cases, PTH levels are elevated 
Surgery is the only treatment available Calci- 
tonin itself IS being tested clinically to correct 
conditions such as Paget’s disease or osteitis 
deformans and osteoporosis, diseases where 
bone formation is less than normal Calcitonin 
extracted from salmon has proven to be many 
times as effective as that from other species, 
but use of any protein hormone is complicated 

Plasma PTH ThyroW 



Fig 7 43 Effect of plasma calcium on plasma levels 
of parathyroid hormone and calcitonin secretion rate 
(From Copp 1 968 ) 
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b> recipient formation of antibodies to it 
(Potts, 1970) 

disorders of calcium homeostasis 

OF PARATHYROID ORIGIN 

The most common cause of hypoparathy- 
roidism IS damage to the glands during thyroid 
surgery, which is estimated to occur in 1 out of 
100 operations However, idiopathic lack of 
function IS found This condition leads to a fall 
in plasma calcium and a rise m plasma phos- 
phate Urinary calcium increases initially due 
to lack of reabsorption by the tubules, but falls 
later as plasma calcium declines Urinary 
phosphate is low The best known symptom is 
tetany, which involves muscle spasms and 
hyperreflexia, general tonicoclomc convulsions, 
laryngeal spasms, and then death from as- 
phyxia These changes result from a lowering 
of the threshold for nerve and muscle excita- 
tion, so that a nerve may be fired by a slight 
stimulus anywhere along its length Transmis- 
sion across synapses is not impaired since the 
extracellular level of calcium does not get low 
enough to prevent acetylcholine release 

The obvious treatment for hypoparathy- 
roidism would be to raise calcium levels with 


PTH, but there is little pure hormone a\ai!- 
able Rather than PTH, very large doses of vi- 
tamin D are used along with a high calcium- 
low phosphate diet 

Hyperparathyroidism is usuall> related to a 
tumor In this situation, there is no negative 
feedback and PTH secretion continues even 
when calcium is high This leads to high blood 
calcium, low phosphate and increased bone 
resorption Common findings are bradycardia, 
ventricular arrhythmias, muscular weakness, 
urinary stones or soft-tissue calcification, os- 
teoporosis, and ulcers from increased gastric 
acid secretion Many of the dysfunctions are 
due to an increased threshold for nerve and 
muscle depolarization, and precipitation of 
excess salts in soft tissues Treatment is 
usually surgery 

Secondary hyperparathyroidism can occur 
from vitamin D deficiency or low calcium in- 
take In these instances, plasma calcium is 
low, and thus PTH secretion is stimulated 
Bone resorption will not provide enough ion if 
absorption continues to be low The contin- 
uous stimulus for PTH secretion will lead to 
hypertrophy of the glands Plasma phosphate 
may be low, urinary phosphate high, and bone 
mineralization impaired, leading to ncketts 
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The importance of the adrenal glands in 
maintaining life was first recognized clinically 
by Addison in 1855 and confirmed experimen- 
tally by Brown-Sequard in the following year 
(Bishop, 1955) The adrenal is, in fact, a com- 
pound gland-withm-a-gland The outer por- 
tion, the cortex, is derived from mesodermal 
cells which bud from the celomic epithelium 
It secretes hormonal steroids, as do the ovaries 
and testes, which are formed from similar 
mesodermal cells 

The developing adrenal cortex is penetrated 
by chromaffin cells which migrate from the 
neural crest ectoderm and ultimately form the 
inner portion of the adrenal gland, the me- 
dulla The several endocrine tissues derived 
from similar neurectodermal cells secrete hor- 
mones synthesized from ammo acid precur- 
sors the polypeptide hormones or, m the case 
of the adrenal medulla, the catecholamines 
The purpose of this chapter is to review very 
briefly the biosynthesis of the adrenal hor- 
mones, the mechanisms controlling their syn- 
thesis and release, their general metabolic ac- 
tions, and the pathophysiology of certain clin- 
ical disorders of adrenal function 

The Adrenal Cortex 

DEVELOPMENT AND HISTOLOGY 

The human fetal adrenal is well developed 
after the first 10 to 12 weeks of gestation The 
cortex consists of a thin outer nm of small 
ovoid basophil cells destined to become the 
definitive adult cortex, and a much wider 
inner zone of large acidophil cells arranged in 
anastamosing cords, the fetal cortex The fetal 
cortex, which comprises 90% of the cortex at 
term, requires stimulation by fetal pituitary 
adrenocorticotropic hormone (ACTH) for its 
development (Benirschke, 1956, Lanman, 
1962) The fetal adrenal is larger, in relation to 
total body weight, than the adult gland and 
has the ability to synthesize both cortisol and 
the Ci 9 steroids (Bloch and Benirschke, 1959) 
The fetal cortex begins to involute at about the 
time of birth and completes this process in 6 
to 18 months 

The adult human cortex, which differenti- 


ates in infancy as the fetal cortex involutes, is 
divided into three fairly distinct zones the 
outermost zona glomerulosa, which is con- 
cerned primarily with aldosterone synthesis, 
and the wide middle zona fasciculata and in- 
nermost zona reticularis, which together are 
concerned with cortisol production In some 
mammals the reticularis is primarily respon- 
sible for the synthesis of adrenal androgens It 
was once thought that the adrenal cortical cells 
originated in the zona glomerulosa, migrated 
inward through the fasciculata, and degener- 
ated m the reticularis Although it is true that 
cell generation appears to be most rapid in the 
zona glomerulosa (Ford and Young, 1961, 
Walker and Rennels, 1961), and that a com- 
plete adrenal cortex can regenerate from a few 
cells adherent to the capsule (Penney et al, 
1963), there is little evidence that these cells 
mature and migrate centripetally under 
normal conditions The ultrastructure of zona 
glomerulosa cells reveals elongated mitochon- 
dria with lamellar cristae, cytoplasm filled 
with finely vesiculated smooth endoplasmic 
reticulum, and membrane enclosed lipid drop- 
lets The fasciculata cells have round to ovoid 
mitochondria with vesicular cristae which pro- 
vide an exceptionally large inner surface area 
These cells are filled with the abundant 
smooth endoplasmic reticulum commonly ob- 
served in steroid secreting cells, and also con- 
tain liposomes The cells of the zona reticularis 
resemble those of the fasciculata, but have 
more variable mitochondrial size and appear- 
ance (Luse, 1967) 

BIOSYNTHESIS OF ADRENAL 
CORTICOSTEROIDS (Samuels and Uchikawa, 
1967 Bransome, 1968) 

The adrenal cortex synthesizes three classes 
of hormones glucocorticoid, mineralocorticoid, 
and sex hormone The most important steroids 
secreted by the normal adult human adrenal 
cortex are the glucocorticoid, cortisol, and the 
mineralocorticoid, aldosterone In addition, 
small quantities of estrogens and steroid pre- 
cursors, including progesterone, are released 
into the circulation Adrenal androgens, al- 
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though secreted in large quantities, are of low 
ph>siological potency 

Glucocorticoid (Cortisol) The hormonal 
steroids are all synthesized from acetyl coen- 
zyme A with cholesterol as their common in- 
termediate (Caspi et al , 1962) Only a small 
traction of the intracellular cholesterol pool is 
immediately available for steroid synthesis 
(Hechter et al , 1953, Werbin and Chaikoff, 
1961) This small pool appears to be in rapid 
equilibrium with plasma cholesterol (Bor- 
kowski, et al , 1967) The uptake of cholesterol 
from plasma, furthermore, appears to be stim- 
ulated by ACTH (Dexter et al , 1967) 

The major reactions in the biosynthesis of 
adrenal steroids are represented in Figure 7 44 
While even this very simplified diagram at 
first glance appears complex, the biosynthetic 
process actually represents a series of discrete, 
rather minor modifications of the cholesterol 
molecule One needs to understand these path- 
ways in order to understand the pathophysi- 
ology of the congenital adrenal hyperplasias 
The exact sequence m which the reactions 
occur IS not known and may depend upon the 
relative concentrations of substrates, enzymes, 
and cofactors The probable major pathways 
are indicated by the heavy arrows The 
cleavage of the side chain of cholesterol to 
form pregnenolone takes place in the mito- 
chondrion Cleavage begins with the formation 
of 20a!-hydroxycholesterol This is the rate- 
limit mg step in steroid synthesis and is accel- 
erated by ACTH in the zona fasciculata and, 
presumably, by angiotensin II m the zona glo- 
merulosa Conversion to pregnenolone is com- 
pleted in the mitochondrion by what is re- 
ferred to as the desmolase reaction (Shimizu et 
al , 1961) There is an alternate pathway which 
circumvents pregnenolone by way of 17-hy- 
droxypregnenolone (Shimizu et al , 1965) 
Pregnenolone now moves out of the mitochon- 
drion The 3j6-hydroxyl group of pregnenolone 
IS oxidized to a ketone by 3id-ol dehydrogen- 
ase, located on the smooth endoplasmic retic- 
ulum This reaction requires nicotinamide 
adenine dinucleotide (NAD) as the hydrogen 
acceptor (Beyer and Samuels, 1956) The shift 
of the double bond is catalyzed by A®-3-keto- 
steroid isomerase (Ewald et al , 1964), forming 
progesterone 

The remaining reactions in the synthesis of 
cortisol are all hydroxy lations and require as 
cofactors molecular oxygen, reduced nicotin- 
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amide adenine dinucleotide phosphate 
(NADPH), fla\oprotems, the cytochrome s>s- 
tem, a nonheme iron protein, and a special 
cytochrome called c>tochrome P-450 because 
of its sharp absorption peak at 450 mji after 
exposure to carbon monoxide An electron is 
transferred to cytochrome P-450, which in turn 
reduces molecular oxygen to water and an acti- 
vated oxygen atom, which is inserted between 
the steroid ring carbon and its appropriate a 
or 13 hydrogen (Harding and Nelson, 1966) 
Since the zona glomeruiosa lacks 17a:-hydrox- 
ylase, progesterone is converted to 17-hydrox- 
yprogesterone only in the zonae fasciculata 
and reticularis, where it is then converted to 
11-deoxy cortisol (Reichstem's ‘'substance S”) 
the final, relatively inactive precursor oi cor- 
tisol Deoxycortisol then returns from the 
smooth endoplasmic reticulum to the mito- 
chondrion for the final ll/d-hydroxylation to 
cortisol (“substance F“) The normal rate of 
cortisol synthesis is 15 to 30 mg /day 

An intriguing historical facet of the study of 
glucocorticoid biosynthesis has been the study 
of the role of adrenal ascorbic acid m this 
process Ascorbic acid is present m very high 
concentrations in the normal adrenal gland 
(Szent-Gyorgyi, 1928) Adrenal ascorbic acid 
decreases as steroidogenesis is stimulated by 
ACTH Despite a great deal of interest, specu- 
lation, and investigation, the exact relation- 
ship of ascorbic acid to steroid synthesis re- 
mains a mystery 

Mmeralocorticoid (Aldosterone). Since 
17a-hydroxylase is absent in the zona glomem- 
losa, progesterone is converted on the smooth 
endoplasmic reticulum of the glomeruiosa first 
to ll-deoxycorticosterone (DOC) by 21-hy- 
droxylation (Fig 7 44) and then, by lljd-hy- 
droxylation, within the mitochondrion, to cor- 
ticosterone, “substance B ” The mitochondrial 
enzyme, 18-hydroxylase, catalyzes its conver- 
sion to 18-hydroxy corticosterone 18-hydroxy- 
corticosterone is dehydrogenated, by an en- 
zyme found only m the mitochondria of the 
zona glomeruiosa, to aldosterone (Wettstein et 
al , 1955) It IS secreted at a rate of 50 to 200 
fig /day 

Androgens and Estrogens The side chain 
of 17a; -hydroxy pregnenolone is cleaved at the 
17-20 carbon bond (Fig 7 44) to form dehydro- 
isoandrosterone (DHA) which, with its sulfate, 
is the major precursor of urinary 17-keto- 
steroids Minor quantities of 17-hydroxypro- 
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Fig 7 44 A simptified scheme showing the pathways in adrenocortical steroid biosynthesis after formation of 
cholesterol The probable major reactions are indicated by heavy arrows 


gesterone are converted by a similar reaction 
to another 17-ketosteroid, A^-androsten- 
edione, which can be further converted, by 
reduction of the 17-ketone, to testosterone 


Estrogens apparently can be produced by ad- 
renal tissue, as evidenced by estradiol and 
estrone production, in vitro by feminizing ad- 
renal tumor tissue (Dorfman et al , 1965) The 
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amounts normally produced, if an^, are \er\ 
small, however, and the biosynthetic pathvvavs 
are not clear They may involve 19-oxidation of 
testosterone, followed b> 19-demeth\ lation 
and aromatization of the A ring to vield estra- 
diol-17/3 A similar senes of reactions might 
produce estrone from A'-androstenedione 
More important, DHA sulfate, secreted b> the 
adrenal, can be converted to estrogens b> the 
ovaries (MacDonald et al , 1967) Accurate se- 
cretory rates for adrenal androgens and estro- 
gens are difficult to establish because of go- 
nadal secretion and peripheral interconversion 
ot these steroids 

METABOLISM OF ADRENAL 
CORTICOSTEROIDS 

Glucocorticoid (Cortisol). Cortisol is re- 
versibly oxidized to cortisone ('‘substance E'b 
in the tissues, predominantly the liver Corti- 
sone is biologically inert and has a half-life in 
plasma less than half that of cortisol Adminis- 
tered cortisone has about two-thirds the bio- 
logical potency of cortisol only by virtue of its 
bioconversion to cortisol 

In plasma, about 2% of cortisol normally cir- 
culates m the free state, a small fraction is 
nonspecifically bound to serum albumin, and 
greater than 90% is specifically bound to corti- 
costeroid-bmdmg aa-globulin (CBG) (Daugha- 
day, 1967) The normal CBG concentration is 
about 3 mg /1 00 ml , but is increased markedly 
during pregnancy or estrogen administration 
The normal CBG binding capacity is approxi- 
mately 20 pg cortisol/lOO ml Normal plasma 
cortisol concentrations are less than 25 pg /lOO 
ml One molecule of steroid is bound by each 
molecule of CBG, the strength of binding de- 
pending upon the molecular configuration of 
the steroid The cortisol bound to CBG or al- 
bumin is metabolically inactive, but is in rapid 
equilibrium with free cortisol Thus, the 
binding proteins act as a reservoir for cortisol, 
releasing it when free cortisol is removed from 
the circulating plasma After CBG is saturated 
with cortisol, however, relatively small in- 
creases m plasma cortisol result in a dispro- 
protionate increase in the free, metabolically 
active cortisol fraction The high plasma cor- 
tisol levels seen during pregnancy or estrogen 
administration are secondary to increased 
CBG The metabolically active plasma free 
cortisol levels are not proportionately elevated 
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The major path\va\ of cortisol degradation 
involves reduction and conjugation reactions 
Reductases m the liver perform the major ir- 
reversible step in the metabolism of cortisol 
and cortisone reducing the 4-3 double bond of 
the A ring The reactions require AADPH as 
cofactor, the predominant products are the 3d, 
rather than the 5a-metabolites <Fig 7 451 
Further reduction of tetrahvdrocorti^oi iTHFl 
and tetrahydrocortisone sTHEl at the car- 
bonyl vields the cortois and cortolones By far 
the major portion ot the metabolites of cortisol 
and cortisone are excreted m the urine as con- 
jugates of glucuronic acid Esterification to the 
glucuromde is catalyzed m the liver by glucu- 
ronyl transferase, which transfers glucuronic 
acid trom undine diphosphate (UDP)-glucu- 
romc acid to a hvdrowl radical, usuallv the 
Sd-hydroxyl of tetrahvdrocortisol I Fig 7 45i 
Cortisol is cleared from plasma with a disap- 
pearance half-time of 70 to 80 mm (Peterson, 
1959) 

Mineralocorticoid (Aldosterone) Aldoste- 
rone is weakly bound to plasma proteins, per- 
haps to CBG Under normal conditions, aldos- 
terone circulates in the hemiacetai form, which 
IS more stable than the aldehyde configuration 
(Fig 7 46) The major metabolic pathway for 
aldosterone degradation is shown Less than 
1% of aldosterone is excreted m the urine unal- 
tered The major portion of aldosterone, how- 
ever, IS excreted as tetrahydroaidosterone glu- 
curonide As is the case with the glucocorti- 
coids, the product is formed by the action of 
hepatic glucuronyl transferase and is conju- 
gated through the 3|3-h\droxyl of tetrahy- 
droaidosterone The normal half-life of aldo- 
sterone m plasma is approximately 30 mm 
(Coppage et al , 1962) 

ASSAY OF ADRENAL CORTICOSTEROIDS 

Plasma Corticosteroids. There are four 
clinically useful methods for measuring corti- 
costeroids m plasma 

1) Colorimetric When 17, 21-dihydroxy-20- 
ketosteroids such as cortisol, deoxy cortisol, 
and cortisone react with acid phenyTh> drazine, 
they form yellow phenylhydrazones, the color 
intensity of which are proportional to the 
quantities of steroids present, this is the 
Porter- Silber reaction (Porter and Silber, 1950) 
Since deoxycortisol and cortisone are nor- 
mally present only m minor quantities m 
human plasma, cortisol is the only 17-hydrox- 
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Fig 7 45 The major metabolites of cortisol and cortisone 

ycorticosteroid (17-OHCS) of any importance technique (Berson and Yalow, 1967, 1968), this 
Since many drugs are chromogenic and inter- assay utilizes CBG, rather than an antibody, to 

fere m this assay, however, they must be ex- bind the steroid hormone Tracer amounts of 

eluded by extracting cortisol into lipid sol- labeled steroid are added to a very small con- 
vents, and washing the extract with alkali centration of CBG and incubated The percent 

2) Fluorometric Steroids extracted from of labeled steroid bound to CBG is deter- 

plasma first into dichloromethane and then mined As increasing quantities of unlabeled 

into etha nolle sulfuric acid can be quantitated reference standard steroid are added, they 

by their fluorescence (DeMoor et al , 1960, compete with the labeled steroid for CBG- 

Mattingly, 1962) The structural requirement binding sites, “displacing” label from the 

IS the A'*-llid,21-dihydroxy-3,20-dione con- CBG A standard curve can be constructed, 

figuration Thus, both cortisol and corticoster- plotting the decrease in per cent binding of 

one are measured, deoxycortisol is not Since labeled tracer against increasing concentration 

corticosterone is present m only small quanti- of unlabeled standard The concentration of 

ties in human plasma, plasma fluorogenic steroid in an unknown can be determined by 

steroid (11-OHCS) is equivalent to cortisol comparing its ability to displace tracer with 
Very few drugs interfere in this assay An ex- that of the reference standard 

ception is the aldosterone antagonist, spirono- 4) Radioimmunoassay. Since aldosterone 
lactone binds so slightly to CBG or other plasma pro- 

3) Competitive Protem-Binding (Murphy, teins, it is difficult to measure by the competi- 
1969) A derivative of the radioimmunoassay tive protein-binding method However, steroid 
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molecules which are not themselves antigenic 
can be covalently conjugated to larger mole- 
cules, such as serum albumin When the conju- 
gate IS injected into a recipient animal, anti- 
bodies may be formed to the steroid, which 
acts as a haptenic group These antibodies 
may bind the free steroid itself, and thus be 
useful for radioimmunoassay, as has been the 
case m the assay of plasma aldosterone (Mayes 
et al , 1970, Bayard et al , 1970) Plasma con- 
centrations m normal subjects on unrestricted 
sodium diets are between 1 to 16 ng /lOO ml of 
plasma or less 

Urinary Corticosteroids. Free cortisol is 
excreted m the urine in very small quantities 
—40 to 200 Mg /24 hr. Since the great majority 
of urinary steroids are water-soluble glucu- 
ronide conjugates, they must be hydrolyzed 
with /?- glucuronidase in order to extract the 
free steroids into a lipid solvent 

i) 17-Ketosteroids {17-KS) The oldest of the 
urinary steroid assays, this method utilizes the 
reaction of the steroid with metadmitro- 
benzene (Zimmerman’s reagent) to form a red- 
dish-purple color, the intensity of which is 
proprotional to the quantity of steroid present 
(Zimmerman, 1935, Callow et al , 1938) The 
major precursor of urinary 17-ketosteroids is 
dehydroisoandrosterone, the production of 
which does not always correlate well with cor- 
tisol secretion Thus, urinary 17-KS are not a 


reliable indicator of adrenal glucocorticoid 
production, but do reflect the secretion of the 
adrenal androgens except testosterone, which 
IS not a 17-ketosteroid Normal values are 
usually given as 5 to 15 mg /24 hr m the fe- 
male, and 10 to 22 mg /24 hr m the male, chil- 
dren less than 9 excrete less than 3 mg /day, 
but this increases to adult values during pu- 
berty 

2) 17-Hydroxy corticosteroids {17-OHCS) 
The Porter- Silber reaction may be used to 
measure urinary 17, 21-dihydroxy-20-keto- 
steroids Approximately 30 to 40% of secreted 
cortisol appears in the urine as THF and 
THE, tetrahydrodeoxy cortisol (THS) is nor- 
mally present in only small quantities While 
normal values are generally given as 3 to 12 
mg /24 hr , cortisol secretion is a function of 
body size Since urinary creatinine excretion is 
proportional to lean body mass and generally 
IS very constant from day to day, normal uri- 
nary 17-OHCS can better be expressed as 3 to 
7 mg /g of creatinine In obese persons, 17- 
OHCS excretion is greater than one might 
expect on the basis of lean body mass and 
normally amounts to less than 0 12 mg /kg /24 
hr In children, normal excretion can conven- 
iently be related to body surface area 1 7 to 
4 0 mg /m V24 hr 

3) 17-Ketogenie Steroids {17-KGS) In addi- 
tion to the 17-OHCS, certain other steroids. 




Tetrahydroaldosterone 4, 5^-Dihydroxyaldosterone 

Fig 7 46 The major metabolites of aldosterone Aldosterone is shown both in the aldehyde configuration and the 
more stable hemiacetal form 
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such as pregnanetriol, can be oxidized with 
sodium bismuthate or sodium metaperiodate 
to 17'KS and measured by the Zimmerman 
reaction (Norymberski, 1961, Rutherford and 
Nelson, 1963) They are a less specific indi- 
cator of cortisol secretion than the 17-OHCS, 
but are nevertheless determined m some labo- 
ratories The preformed 17-KS must either be 
determined separately and subtracted from 
the total 17-KGS, or must first be reduced to a 
form nonreactive with the Zimmerman reagent 
Normal values are given as 8 to 20 mg /24 hr 

4) Aldosterone Excretion Rate Aldosterone 
is present m urine mainly as tetrahydroal- 
dosterone glucuronide Thus, it must first be 
hydrolyzed with /3 -glucuronidase before extrac- 
tion into lipid solvents It may then be meas- 
ured by its fluorescence If the determination 
is performed on an aliquot of a 24-hr urine 
collection, the aldosterone excretion rate can 
be calculated The normal range is 2 to 16 
/ig /24 hr (Mattox and Lewbart, 1959) For a 
variety of reasons, however, this method is not 
a very satisfactory index of aldosterone secre- 
tion 

5) Aldosterone Secretion Rate A much more 
definitive procedure is the determination of 
the aldosterone secretion rate (ASR) by the 
double isotopic dilution method In this tech- 
nique, a single tracer dose of tritium-labeled 
aldosterone is administered to the patient in- 
travenously and the urine is collected for the 
following 24 hr The administered radioactive 
aldosterone mixes with that secreted by the 
adrenal, and both are assumed to be metabo- 
lized and excreted by the kidney in an iden- 
tical manner Approximately 80 to 90% of the 
administered counts are recovered The aldos- 
terone metabolites are isolated by paper chro- 
matography and are then labeled by acetyla- 
tion with -acetic anhydride The fraction of 
the total (^“C-labeled) aldosterone accounted 
for by the administered (®H-labeled) aldoster- 
one will be inversely proportional to the size 
of the endogenous pool in which it was diluted, 
the dilution factor is, thus, a measure of the 
amount of aldosterone secreted, metabolized, 
and excreted during the 24-hr period 
Knowing the dilution factor and the exact 
amount of ®H-labeled aldosterone adminis- 
tered, an accurate estimate of endogenous al- 
dosterone secretion rate can be made Under 
normal basal conditions on a regular diet, the 
ASR is 50 to 200 fjLg /24 hr 


Section 1 

PHYSIOLOGICAL EFFECTS OF ADRENAL 
CORTICOSTEROIDS 

There is as yet no unifying concept to ex 
plain all of the complex actions of cortisol, 
which affect virtually every tissue in the bod> 
Clinically, cortisol’s actions might almost be 
described as “permissive” (Sayers, 1950), 
without cortisol secretion, a multitude of 
seemingly diverse physiological processes fail 
to function optimally 

The term, glucocorticoid, refers to the sum 
of a wide range of influences on organic metab 
olism (carbohydrate, fat, and protein) and in 
eludes, among others, effects on the immune 
and inflammatory responses, wound healing, 
vascular permeability, and muscle integrity 
Mmeralocorticoid effects, on the other hand, 
are rather well-defined as the sodium -retaining 
and potassium-wasting effects on the distal 
renal tubule, the salivary glands, the sweat 
glands, and the gastrointestinal tract Gluco 
corticoid and mmeralocorticoid are artificial 
terms, since most natural and synthetic corti 
costeroids possess at least some of each activ 
ity For all practical purposes, however, aldo 
sterone may be considered as a pure mmeralo 
corticoid and dexamethasone, a steroid that is 
chemically synthetized, as a pure glucocorti 
cold (Table 7 5) While cortisol has a signifi 
cant sodium-retammg activity, its effect at 
normal plasma cortisol concentrations is rela 
tively minor compared to that of aldosterone 

General Metabolic Effects of Cortisol 
(Ashmore and Morgan, 1967) The overall pat 
tern of cortisol action might be viewed as 
promoting the conversion of protein to carbo- 
hydrate and the storage of carbohydrate in the 
form of glycogen 

1) Protein Metabolism Adrenalectomized 
rats have decreased urea nitrogen excretion, 
blood glucose concentration, and liver glycogen 
storage, indicating decreased protein catabo- 
lism and decreased gluconeogenesis (Long et 
al , 1940) These aberrations are corrected with 
administration of adrenal steroids Glucocorti- 
coids mobilize ammo acids from skeletal 
muscle protein (Bondy et al, 1949, Engel 
1950, Kaplan and Shimizu, 1963) and exert a 
profound influence on hepatic metabolism 
Stimulation of the uptake of amino acids from 
plasma by the liver (Riggs, 1964) and induc- 
tion of the synthesis of a number of hepatic 
enzymes, among them the transaminases, pre- 
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Table 7 5 

Relative potencies of various natural and synthetic steroids 


Steroid 

Glucocorticoid 
Potency 
(Cortisol = 1) 

Mineralocorti- 
coid Potency 
(Aldosterone 
= 1) 

Glucocorticoid/ 

Mmeralocorticoid 

Daily Secretion Rate 
or Maintenance Dose 

Aldosterone 

0 1 

1 00 

0 005 

0 05-0 2 mg 

Fludrocortisone 

10 0 

0 21 

24 

0 1 mg 

Deoxycorticosterone 

~0 

0 05 

-0 

2 5 mg 

Cortisone 

07 

0 0012 

27 

25-37 5 mg 

Cortisol 

1 0 

0 0015 

33 

15-30 mg 

Prednisone 

40 

0 0020 

100 

5-7 5 mg 

Dexamethasone 

30 0 

~0 

JO 

0 5-0 75 mg 


pare ammo acids for incorporation into carbo- 
hydrate (Rosen et al , 1963) Since activities of 
enzymes in the urea cycle are also increased, 
conversion of the amino nitrogen to urea is fa- 
cilitated (McLean and Gurney, 1963) The glu- 
cocorticoids, therefore, result in what has been 
called a “translocation” of protein skeletal 
muscle protein is depleted, but the synthesis 
of proteins by the liver and other visceral or- 
gans is enhanced by steroid administration 
(Roberts, 1953, Silber and Porter, 1953) There 
IS an overall negative nitrogen balance 

2) Carbohydrate Metabolism The action of 
cortisol IS required to maintain normal hepatic 
production of glucose Cortisol appears to 
stimulate glycogen synthesis by increasing the 
conversion of pyruvate to glycogen and by in- 
hibiting the release of glucose from the hepatic 
cell The net effect of glucocorticoid action on 
carbohydrate metabolism is increased syn- 
thesis and storage and decreased utilization, 
with a resulting hyperglycemic tendency 

3) Lipid Metabolism The role of cortisol in 
lipid metabolism is not well understood Total 
body fat is increased by glucocorticoid admin- 
istration (Kyle et al , 1956), but fatty acid syn- 
thesis in the liver is inhibited by cortisol (Ash- 
more et al , 1956) This effect is not observed 
m adipose tissue, however, where synthesis of 
fatty acids appears to be regulated primarily 
by the rate of glucose utilization (Jeanrenaud 
and Renold, 1960) Cortisol does promote the 
mobilization of fatty acids from peripheral 
adipose tissues and plays a permissive role in 
the lipolytic actions of hormones such as thy- 
roxine and the catecholamines, a minimal 
amount of cortisol must be present for these 
hormones to exert their lipolytic effects 
(Goodman and Knobil, 1961) 

Nucleic Acid Metabolism. Cortisol in- 


hibits the synthesis of ribonucleic acid (RNA) 
and deoxyribonucleic acid (DNA) in lymphoid 
and connective tissues, thus exerting a cata- 
bolic effect, but stimulates RNA synthesis m 
the liver and other visceral organs The effects 
of cortisol on the enzyme systems in the liver, 
like the effects of other steroid hormones on 
other tissues (O’Malley, 1969), result from 
stimulation of DNA transcription and the for- 
mation of specific messenger RNA species, 
which in turn regulate the synthesis of specific 
proteins, including enzymes (Fig 7 47) 

Cortisol Effects on Organ Systems. It is 
easier to define the effects of cortisol defi- 
ciency or excess, which are manifested in every 
organ system, than to define the role of gluco- 
corticoids in normal physiology Some of the 
effects of cortisol on the various organ systems 
are listed here 

1) Central Nervous System Glucocorticoids 
seem to have a stimulatory effect on brain ex- 
citability, independent of electrolyte effects 
(Woodbury, 1958), and alter electroenceph- 
alographic patterns Insomnia, euphoria, irri- 
tability and psychotic depression or schizo- 
phrenia are associated with hypercortisolemia, 
inability to concentrate or to perform mathe- 
matical calculations and mental fatigue are 
manifestation of hypocortisolism The mecha- 
nisms by which glucocorticoids exert these ef- 
fects on the central nervous system are un- 
known 

2) Musculoskeletal System The catabolic 
effects of cortisol on skeletal muscle are mani- 
fested by muscle atrophy and objective muscle 
weakness The increased efflux of potassium 
and ammo acids from skeletal muscle in the 
early morning hours may be a manifestation of 
the protein catabolic effect of cortisol, which 
reaches its highest plasma concentration at 
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Fig 7 47 A schematic representation of the mech- 
anism of action of a steroid hormone on its target tissue 
cell The steroid iS) diffuses freely into the cell where 
It IS bound by a cytoplasmic receptor protein (Re) The 
steroid-receptor complex is carried into the nucleus 
where the receptor may be modified {Rn) The complex 
causes DNA transcription and the synthesis of RNA 
species Messenger RNA (mRNA) directs the synthesis 
of new proteins on the polyribosomes (translation) (From 
OMalley 1971 ) 

this time of day (Rabinowitz, 1968) Cortisol 
has a marked influence on connective tissue 
integrity In conditions of cortisol excess, pe- 
ripheral subcutaneous tissue is decreased, the 
skin becomes thin and friable, and wound 
healing is delayed Cutaneous striae develop 
where the skin is stretched These effects may 
be manifestations of decreased hyaluronic acid 
and collagen production and inhibition of the 
growth and function of fibroblasts (Dougherty, 
1961, Holden and Adams, 1957) Cortisol in- 
hibits bone formation by decreasing formation 
of bone osteoid and cartilaginous matrix (Ber- 
nick and Ershoff, 1963) Steroids have a hypo- 
calcemic effect, due at least in part to their 
antagonism to the action of vitamin D in pro- 
moting calcium absorption from the gastroin- 
testinal tract 

3) Cardiovascular System The maintenance 
of intravascular volume by sodium retention is 
mainly the responsibility of aldosterone Corti- 
sol, by virtue of its much greater daily secre- 
tory rate, does exert a significant mineralocor- 
ticoid effect, however Cortisol appears to po- 
tentiate the peripheral arteriolar response to 


vasoconstrictors It increases cardiac output 
when given in pharmacologic doses At physio- 
logical levels, glucocorticoids decrease the 
permeability of the vascular endothelium At 
supraphysiological concentrations, cortisol has 
a deleterious effect on small vessel integrity 

4) Respiratory System Cortisol has no ap- 
parent physiological effect on the lungs, al 
though there is evidence that glucocorticoids 
may be important m the maturation of the 
fetal lung and its ability to secrete surfactant 

5) Gastrointestinal System The antagonism 
of vitamin D action by cortisol? and cortisol 
induction of hepatic enzymes have been men- 
tioned While supraphysiological doses of 
steroid inhibit gastric mucus secretion, there is 
no conclusive clinical or experimental evidence 
to support the widely accepted belief that high 
levels of circulating glucocorticoids can pro- 
duce ulceration of normal gastric mucosd 

6) Genitourinary System Menstrual abnor- 
malities, usually oligomenorrhea, are common 
in women with hypercortisolism, as is downy 
hirsutism of the face and trunk More marked 
hirsutism should suggest the effects of more 
potent androgens than cortisol 

Cortisol acts to increase renal plasma flow, 
glomerular filtration rate, and free water clear- 
ance (Kleeman et al , 1958), which tend to 
produce a sodium diuresis The mmeralocor- 
ticoid effect of cortisol, however, increases the 
reabsorption of sodium m the distal renal tu- 
bule In addition, cortisol may decrease the 
permeability of the distal tubular epithelium 
to water (Kleeman et al , 1964) Thus, the net 
effect of cortisol on the kidney is maintenance 
of the ability to excrete a water load 

7) Hematopietic and Lymphoid Systems 
Glucocorticoids appear to have a permissive 
role in erythropoiesis, . polycythemia is often 
seen in hypercortisoli^, and anemia in ad- 
renal insufficiency Glucocorticoids have a 
dramatic catabolic effect on lymphoid tissue, 
manifested by lymphoid and thymic atrophy 
and lymphopenia in hypercortisolism and by 
lymphoid hyperplasia m adrenal insufficiency 
Circulating eosinophils fall rapidly after gluco- 
corticoid administration due to increased de- 
struction, this phenomenon was once used as 
an index in in vivo adrenocortical activity 
(Nelson, 1953) As the lymphocytes and eosm- 
ophils disappear from the circulating blood, 
the neutrophil polymorphonuclear leukocytes 
increase, probably because cortisol impairs 
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their emigration from the vascular space into 
the surrounding tissues (Boggs et ai , 1965) 

8) Effects on Inflammation and Infection 
The glucocorticoids are involved in almost 
every phase of the inflammatory response 
Under conditions of cortisol excess, here is in- 
terference with the febrile response, impaired 
diapedesis of granulocytes into the area of in- 
jury, impaired migration of phagocytic cells, 
decreased ability to localize infection because 
of impaired connective tissue integrity, im- 
paired bacteriocidal activity of phagocytes, 
decreased phagocytic activity of the reticu- 
loendothelial system, decreased humoral anti- 
body synthesis, hypogammaglobulinemia, eo- 
smopema, lymphopenia, thymic atrophy, and 
stabilization of lysosomal membranes, thereby 
preventing the release of proteolytic enzymes 
and kinins which may be important in the in- 
flammatory response (Grant, 1967) In the 
hypoadrenal patient, on the other hand, infec- 
tion may elicit an exaggerated febrile and in- 
flammatory response, but the patient suffers 
from an ill -defined inability to respond to 
“stress ” In normal individuals, plasma cor- 
tisol concentrations increase under “stressful” 
conditions, inability to mount this response 
may result in adrenal crisis and vascular col- 
lapse 

General Metabolic Effects of Aldosterone 

(Mulrow, 1969) The most important biological 
action of aldosterone is regulation of sodium 
and potassium excretion by the kidney 

1) Direct Effects on the Kidney Aldoster- 
one increases distal tubular sodium resorption 
and potassium excretion It also enhances 
wasting of hydrogen, magnesium, and ammo- 
nium ions The mechanism by which aldoster- 
one exerts these effects is analagous to that 
already described for cortisol (Fig 7 48) There 
IS again a specific intracellular receptor pro- 
tein for the steroid (Fanestil and Edelman, 
1966) The aldosterone-receptor complex mi- 
grates to the nucleus, where it stimulates 
DNA-dependent RNA synthesis (Castles and 
Williamson, 1967) and subsequent protein syn- 
thesis The exact nature of the protein synthe- 
sized IS not known It may be an enzyme 
which results in generation of adenosine tri- 
phosphate (ATP) to provide the energy re- 
quired for the sodium transport pump (Fa- 
nestil et al , 1967), which is shown diagramm- 
tically in Figure 7 48, or a permease which di- 
rectly facilitates sodium transport across the 



Fig 7 48 A schematic drawing of the mechanism of 
action of aldosterone 14) on the distal renal tubule epi- 
thelial cell (From Edelman et al 1 964 ) 


cell membrane (Sharp and Leaf, 1966) The 
effects of aldosterone are facilitated by gluco- 
corticoids but are inhibited by certain cortisol 
precursors, such as progesterone and 17-hy- 
droxyprogesterone This inhibition is thought 
to be on the basis of competition for intracel- 
lular-bmdmg sites The excretion of potassium 
normally is coupled directly to sodium resorp- 
tion Reduced sodium intake or enhanced 
proximal tubular resorption of sodium, either 
of which results in less sodium being presented 
to the distal tubule, prevents the kalmresis 
caused by aldosterone (Finn and Welt, 1963) 
Aldosterone does not affect the excretion of 
free water by the kidney 

2) Indirect Effects on the Kidney The di- 
rect sodmm-retaming action of aldosterone 
causes expansion of the plasma volume As a 
result, renal plasma flow and glomerular filtra- 
tion increase, renin production decreases 
After prolonged plasma volume expansion due 
to sodium retention, the distal tubule exhibits 
an “escape” phenomenon, it no longer retains 
sodium m response to aldosterone stimulation, 
yet it continues to waste potassium (August et 
al , 1958) 

3) Other Metabolic Effects of Aldosterone 
The sodium-retaining, potassium-wasting ef- 
fects of aldosterone are expressed m the gas- 
trointestinal tract, salivary glands, and sweat 
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glands as well as in the renal tubule The dif- 
ference IS that the latent period between ad- 
ministration and observed effect is much 
longer than the 30 to 120 mm delay observed 
m the kidney and requires de novo protein 
synthesis Furthermore, these tissues do not 
“escape” after prolonged administration of 
mineralocorticoid Aldosterone excess causes 
hypertension m man, salt deprivation will 
prevent the hypertension The exact mecha- 
nism by which the hypertension is caused is 
not known It has been suggested that the 
lumen of the peripheral arteriole is partially 
occluded by swelling of the arteriolar lining 
cells, which have retained sodium and water 
(Tobian, 1960) This partial occlusion would 
increase peripheral vascular resistance, causing 
hypertension 

REGULATION OF GLUCOCORTICOID 
SYNTHESIS 

The synthesis and secretion of adrenal glu- 
cocorticoids are dependent upon stimulation 
by adrenocorticotropic hormone (ACTH) (Fig 
7 49) 

Biological Activity. ACTH stimulates the 
synthesis of cortisol and 17-ketosteroids by the 
adrenal cortex At physiological concentra- 
tions, it has little or no effect on aldosterone 
secretion ACTH is also necessary to maintain 
adrenocortical size, structure, and vascularity, 
growth hormone also plays a minor role in 


maintaining size In the hypophysectomized 
animal, the adrenals very rapidly become un- 
responsive to the acute steroidogenic stimulus 
of ACTH and eventually become atrophic 
While secretion of cortisol and adrenal 17- ke- 
tosteroids falls to subnormal levels, the secre- 
tion of aldosterone remains nearly normal 
This IS because the structure and function of 
the zona glomerulosa depends, not upon 
ACTH, but upon the remn-angiotensm 
system 

Actions of ACTH are mediated by cyclic 
adenosine monophosphate (cyclic AMP) 
ACTH binds to specific receptor sites on the 
surface of the adrenocortical cell and activates 
the associated, membrane-bound adenyl cyc- 
lase This promotes the conversion of ATP to 
cyclic AMP The formation of cyclic AMP is 
proportional to the amount of ACTH bound 
and precedes detectable steroidogenesis 
(Grahame-Smith et al , 1967) There is an in- 
tracellular receptor or binding protein for 
adrenal cyclic AMP, the function of which is 
not yet known (Gill and Garren, 1969) It is 
known, however, that ACTH and cyclic AMP 
stimulate new protein synthesis and that this 
new protein is required for increased steroido- 
genesis 

This labile protein apparently stimulates the 
conversion of cholesterol to 20Q:-hydroxycho- 
lesterol in the mitochondrion, either by en- 
hancing the transport of cholesterol from the 


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Ser Tyr Ser Met Glu His Phe Arg Try Gly Lys Pro Val Gly Lys Lys Arg Arg Pro Val Lys Val Tyr Pro 


Beef Asp Gly Glu Ala Glu Asp Ser Ala Gin Ala Phe Pro Leu Glu Phe 

Pig Asp Gly Ala Glu Asp Gin Leu Ala Glu Ala Phe Pro Leu Glu Phe 

Sheep Ala Gly Glu Asp Asp Glu Ala Ser Gin Ala Phe Pro Leu Glu Phe 

Man Asp Ala Gly Glu Asp Gin Ser Ala Glu Ala Phe Pro Leu Glu Phe 

25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 

Ac Ser’^Tyr Ser Met Glu His Phe Arg Trv Glv Lys Pro Val NH, a MSH 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Ala Glu Lys Lys Asp Glu Gly Pro Tyr Ser Met Glu His Phe Arg Try Gly Ser Pro Pro Lys Asp Human ^ - MSH 
1 22 


Asp Glu Gly Pro Tyr Lys Met Glu His Phe Arg Try Gly Ser Pro Pro Lys Asp Pig 0 MSH 

I 18 

Asp Ser Gly Pro Try Lys Met Glu His Phe Arg Try Gly Ser Pro Pro Lys Asp Beef 0 MSH 

1 18 

Fig 7 49 The ammo acid sequences of representative ACTHs and MSHs The sequence of ammo acids 1-24 in 
ACTH IS identical in all four species and possesses full steroidogenic activity (Ney et al, 1965) Species specificity 
resides m ammo acids 25-33 of the ACTH molecule The structure of a-MSH is identical to the first 13 ammo acids 
of ACTH with acetylation of the N-termmal serine and amidation of the C-terminal valine The/5-MSH s of three species 
are shown The dotted lines enclose the sequence of seven ammo acids shared byof-MSH the ^-MSH s and the 
ACTH ^ 
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liposomes to the mitochondria or by direct 
stimulation of the hydroxyiation reaction 
ACTH and the melanocyte-stimulating 
hormones (MSH’s) share certain features 
They are secreted by the pituitary, they have a 
common core of seven ammo acids (Fig 7 49), 
and they each have both steroidogenic and 
melanocyte-stimulatmg activities One of the 
extra-adrenal effects of ACTH is the disper- 
sion of melanin pigment in melanoc>tes, which 
causes darkening of the skin ACTH has about 
i/iooth the MSH potency of a-MSH The 
MSH’s on the other hand, all have weak in- 
trinsic steroidogenic activity Furthermore, it 
appears that m man, m whom fi-MSH is the 
principal pigmentary hormone, that ACTH 
and /5-MSH secretion parallel each other, sug- 
gesting that they may be synthesized and se- 
creted by a common mechanism within a 
single cell (Abe et al , 1969a) 

Regulation of ACTH Secretion (Liddle et 
al , 1962) Three factors are of major impor- 
tance in regulating ACTH secretion First, 
there is homeostatic negative feedback inhibi- 
tion of ACTH secretion by circulating cortisol 
(Fig 7 50) Decreased plasma cortisol concen- 
trations lead to increased pituitary ACTH re- 
lease, increased plasma cortisol levels inhibit 
further ACTH secretion This inhibition may 
act at the hypothalamic level by inhibiting the 
release of corticotropm-releasmg factor (CRF) 
into the hypothalamic-hypophyseal portal 
blood vessels, it certainly appears to act at the 
level of the pituitary, blocking the actions of 
releasing factors (Fleischer and Vale, 1968) 
Second, plasma cortisol concentrations show a 
circadian (circa, about, dies, a day) rhythm, 
with high levels (15 to 25 pg /lOO ml ) in the 
early morning and low levels (less than 7 
Mg/100 ml) late m the evening (Fig 7 51) 
This rhythm is the result of a circadian 
rhythm m ACTH secretion (Ney et al , 1968) 
and appears to be synchronized by the daily 
environmental shift from darkness to light 
(Orth and Island, 1969) There is a constantly 
changing “set-point” for the concentration of 
plasma cortisol required to inhibit ACTH se- 
cretion during the course of the day, high 
levels being required in the early morning 
hours and low levels m the late afternoon and 
evening Whether or not this is mediated by 
CRF secretion is not known The third impor- 
tant factor governing ACTH secretion is 
“stress ” Thus, plasma ACTH levels are in- 
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Fig 7 50 A diagram of the norma! hypothalamic- 
pituitary-adrenal axis Corticotropin releasing factor iCRF) 
IS released by the hypothalamus into the portal ctrcuia 
tion and causes ACTH and id MSH release ACTH stimu- 
lates adrenal synthesis of cortisol IF) Cortisol deoxy- 
cortisol (S) and 1 7-ketosteroid [KS] metabolites appear 
in the urine Cortisol exerts a negative feedback inhibition 
on ACTH secretion and perhaps on CRF secretion Thus 
decreasing plasma cortisol leads to increasing plasma 
ACTH Increased plasma ACTH stimulates increased 
adrenal cortisol production and increased plasma corti- 
sol inhibits further ACTH secretion 


creased during fever, laparotomy, or acute se- 
vere depression, resulting in increased secre- 
tion of cortisol While some of the influence of 
stress may be mediated via hypothalamic CRF 
release, it is of interest that section of the pi- 
tuitary stalk not always, and seldom perma- 
nently, abolishes stress-induced ACTH release 
Measurement of ACTH. There are cur- 
rently three basic methods by which ACTH 
may be assayed The oldest, and m many ways 
the most reliable, is the bioassay (Lipscomb 
and Nelson, 1962) Its greatest advantage is 
specificity for the biologically active ACTH 
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HOURS 

Fig 7 51 Pfasma cortisol (17-OHCS) concentra- 
tions in eight normal subjects confined to a metabolic 
ward They slept regularly from 10 pm until 6 am for 
several days before and during the period when blood 
was sampled hourly via indwelling venous catheters 
The mean 17-OHCS and the standard error of the means 
are shown 


molecule Its greatest disadvantages are rela- 
tive insensitivity and difficulty of perform- 
ance In essence, it measures the adrenal pro- 
duction of corticosterone (“substance B”) by 
the hypo physectomi zed rat in response to in- 
travenous injection of an unknown sample, 
and compares this with the response caused by 
injection of known quantities of reference 
standard ACTH The corticosterone can be 
measured in extracts of the adrenal gland, in 
adrenal vein blood, or in peripheral blood, 
using the fluorometnc technique The second 
method is the ACTH radioimmunoassay 
(Yalow et al , 1964, Orth et al , 1968, Berson 
and Yalow, 1968), which has the great advan- 
tage of sensitivity and therefore requires much 
less plasma for assay While the radioimmu- 
noassay is an extremely useful technique, it 
has the intrinsic disadvantage that it does not 
necessarily measure biologically active ACTH, 
it may also detect inactive ACTH fragments 
(Besser et al , 1971) Recently, a new assay 
method has been reported that appears to have 
many of the advantages of both previous 
methods In the radioreceptor assay (Lefkowitz 
et al , 1970), the ACTH receptor site from the 
cell membrane of an ACTH -responsive adre- 
nocortical tumor cell is used to bind labeled 
ACTH, rather than using an antibody If the 
biological activity of an adrenocorticotropm is 
proportional to its energy of binding to the 
receptor site, then the competition for binding 
by unknown samples should give an accurate 
estimate of the biological ACTH activity of the 
sample Furthermore, this very sensitive tech- 
nique should be applicable to any hormone for 
which a target tissue receptor can be isolated 


REGULATION OF MINERALOCORTICOID 
SYNTHESIS 

Renm-Angiotensm System. The synthesis 
and secretion of adrenal mmeralocorticoid are 
dependent primarily upon the renin-angi- 
otensin system This system is discussed in 
detail elsewhere in this volume Renin is an 
enzyme produced by the juxtaglomerular cells 
which surround the afferent arteriole just be- 
fore it reaches the glomerular capillary tuft 
These cells may function as baroreceptors and 
release renin when renal perfusion falls due to 
decreased blood pressure or blood volume 
(Tobian, 1960) Several other factors, including 
urine sodium concentration at the level of the 
macula densa in the distal renal tubule and 
renal sympathetic nervous tone may modify 
renin release (Vander and Miller, 1964, 
Gordon et al , 1967, Brubacher and Vander, 
1968) Renin converts circulating renin sub- 
strate to the decapeptide, angiotensin I A 
converting enzyme that is produced m the 
lung removes the two C -terminal amino acids 
of angiotensin I to form the biologically active 
octapeptide, angiotensin II Angiotensin II 
has two major effects 2) it has an immediate 
effect on the peripheral arterioles to cause va- 
soconstriction and increased systemic blood 
pressure, 2) it stimulates secretion of aldoster- 
one by the adrenal cortex Aldosterone secre- 
tion results, secondarily, m sodium retention, 
expansion of the intravascular volume, and 
increased blood pressure Thus, both the acute 
and chronic effects of angiotensin 11 tend to 
correct the original stimulus to renin release, 
decreased renal perfusion This is another 
example of a negative feedback regulatory 
system Angiotensin II is rapidly inactivated 
by proteolytic enzymes in the plasma and tis- 
sues The exact mechanism by which angi- 
otensin n exerts its effect on the adrenal zona 
glomerulosa cell is unknown It is presumed 
that it accelerates the conversion of cholesterol 
to 20a: -hydroxy cholesterol, the rate -limiting 
step in aldosterone biosynthesis It is known at 
least that its site of action precedes the syn- 
thesis of DOC (Brown et al , 1971) 

Plasma renin activity can be bioassayed m 
the nephrectomized rat (Boucher et al , 1964) 
The plasma of the patient is first incubated 
so as to convert the renin substrate to angi- 
otensin I This is then injected into the rat, 
where it is converted to angiotensin II The 
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amount of plasma renin activity is measured 
by the degree of rise m blood pressure which it 
causes in the assay animal Plasma renin ac- 
tivity can also be measured by radioimmu- 
noassaying the angiotensin I generated during 
the incubation of the patient’s plasma (Catt 
et al , 1967, Boyd et al , 1967, Vailotton et al , 
1967) 

Electrolytes. Increased serum potassium 
and decreased serum sodium concentrations 
stimulate aldosterone secretion in the absence 
of changes in plasma volume in vivo, similar 
stimulation is observed in vitro Both of these 
monovalent cations exert their effects early in 
the aldosterone biosynthetic pathway, prior to 
the formation of deoxycorticosterone (DOC) 
(Brown et ai , 1971) Aldosterone secretion is 
sensitive to changes in serum potassium con- 
centration of less than 1 mEq /liter, while a 
very considerable change in serum sodium is 
required to effect a similar response 

ACTH. The role of ACTH in aldosterone 
synthesis and secretion is relatively unimpor- 
tant After chronic hypophysectomy, aldoster- 
one does not rise normally during sodium 
deprivation It has not been shown that this is 
due specifically to ACTH deficiency, however 
In the hypophysectomized rat, ACTH injec- 
tions do not restore the aldosterone response 
to hyponatremia (Palmore and Mulrow, 1967) 
Aldosterone secretion is temporarily increased 
by very large doses of ACTH, but falls to 
normal levels despite continued ACTH admin- 
istration (Liddle et al , 1956) 

DISORDERS OF ADRENOCORTICAL 
FUNCTION 

Primary Adrenocortical Insufficiency 
Addison’s disease (Addison, 1855) is usually 
caused by destruction of the adrenal glands by 
infection with tuberculosis or histoplasmosis or 
by idiopathic atrophy associated with circu- 
lating antibodies to adrenal tissue (Blizzard 
and Kyle, 1963) It may also be caused by 
other granulomatous diseases, infiltration by 
carcinoma, involvement with amyloid, or by 
hemorrhage into the adrenals which occurs 
very rarely m association with severe systemic 
infections (Waterhouse-Friderichsen syn- 
drome) 

The manifestations of primary adrenocor- 
tical insufficiency are primarily those of defi- 
cient aldosterone secretion, complicated by the 
loss of cortisol secretion They are quite differ- 
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ent, therefore, from the maniiestations of sec- 
ondary adrenocortical insufficienc> caused by 
decreased pituitary ACTH secretion, in which 
aldosterone production is adequate and only 
glucocorticoid is deficient Mmeraiocorticoid 
insufficiency leads to sodium wasting and po- 
tassium retention, causing hyponatremia, hy- 
perkalemia, and a metabolic alkalosis The salt 
depletion leads to fluid loss and dehydration 
The effects of glucocorticoid insufficiency are 
less well-defined They include weakness, irri- 
tability, drowsiness and easy fatigability 
Without the hyperglycemic effects of cortisol 
to dampen the insulin response to a glucose 
load, reactive hypoglycemia is frequently ob- 
served 

The loss of negative feedback inhibition of 
pituitary ACTH secretion leads to hypersecre- 
tion of both ACTH and jd-MSH (Fig 7 52) 



Urine 

Fig 7 52 The hypothalamic-pituitary-adrena! axis 
in primary adrenal insufficiency or Addisons disease 
The atrophic adrenal secretes little or no corticosteroids 
plasma and urinary steroids are low The loss of cortisol 
negative feedback inhibition leads to increased secre- 
tion of both ACTH and by the pituitary 
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The latter results m “addisonian” hyperpig- 
mentation of the skin, particularly marked in 
exposed areas and m recent scars, over pres- 
sure points such as the elbows, in the buccal 
mucosa, the areolae, genitals, and intertngi- 
nous areas In women, the loss of adrenal an- 
drogen results in loss of axillary and pubic 
hair, men are not affected because of testicular 
androgen production 

The diagnosis can be confirmed by finding 
low plasma cortisol levels early m the morn- 
ing, when cortisol is normally high, decreased 
urinary excretion of 17-OHCS and 17-KS, and 
failure of the plasma or urinary steroids to in- 
crease m response to administration of exoge- 
nous ACTH In addition, plasma ACTH and /3- 
MSH are markedly elevated, aldosterone se- 
cretion rate is low, and, as a result of de- 
creased plasma volume and renal blood flow, 
plasma renin activity is increased 

Treatment is directed immediately toward 
restoring plasma volume by infusion of physio- 
logical saline solution The addisonian patient 
requires life-long replacement therapy with 
both glucocorticoid and mineralocorticoid The 
adrenal medulla is not necessary for life, no 
replacement of catecholamines is required for 
maintenance of good health 

Adrenocortical Hyperfunction. Harvey 
Cushing first described (Cushing, 1932) the 
“constellation of clinical and metabolic abnor- 
malities resulting from a chronic excess of cor- 
tisol” (Liddle, 1967) Apart from the adminis- 
tration of excessive amounts of glucocorticoid 
medications, there are now three well-defined 
causes of Cushing’s syndrome 

1) Adrenal Tumors Benign or malignant 
adrenal tumors may secrete cortisol autono- 
mously, independent of ACTH stimulation 
(Fig 7.53) 

2) Ectopic Production of ACTH by Nonpi- 
tuitary Tumors A variety of tumors arising in 
nonpituitary tissues autonomously secrete 
ACTH and MSH (Liddle et al , 1969) These 
hormones appear to be similar to, if not iden- 
tical with, the authentic pituitary hormones 
(Fife 7 54) 

3) Excess Pituitary Production of ACTH 
The term, “Cushing’s disease,” is reserved for 
this variety of Cushing’s syndrome, since 
Cushing’s original concept was that the syn- 
drome he described was caused by an abnor- 
mality in pituitary function, “pituitary baso- 
philism ” In a few cases, pituitary basophil or 



Fig 7 53 Hypothalamic-pituitary-adrenal dynamics 
in Cushing s syndrome due to adrenocortical tumor The 
tumor produces increased quantities of cortisol [F] 
deoxycortisol (S) and 17-ketosteroids {KS) the metabo 
lites of which appear in the urine Plasma cortisol con 
centrations are increased inhibiting hypothalamic CRF 
secretion and pituitary ACTH and |S-MSH secretion 
Since ACTH is^uppressed the non-tumorous adrenal 
tissue becomeliProphic 

chromophobe tumors may be the source of 
ACTH In most instances, however, no tumor 
IS found The exact nature of the pituitary ab- 
erration IS as yet unknown If the defect is at 
the hypothal|amic level, increased secretion of 
CRF or changes in hypothalamic catechola- 
mine levels might be involved The character- 
istic feature of Cushing’s disease is that ACTH 
secretion is not autonomous, it is merely “in- 
appropriate” (Liddle, 1967) First, there is rel- 
ative resistance to glucocorticoid negative 
feedback, so that it takes a greater than 
normal plasma cortisol level to suppress 
ACTH release (Fig 7 55) Second, the normal 
circadian rhythm in ACTH secretion is lost, 
whereas, early morning ACTH and cortisol 
levels may be within the normal range, they do 



Chapter 6 


Fc<nc::on tie Adrenal Glands 7-65 


not fall during the day and are, therefore, 
clearly elevated above normal values in the 
evening 

The clinical and metabolic abnormalities 
characteristic of Cushing’s syndrome might be 
predicted from what has already been said 
about the physiology of cortisol The Cushing’s 
patient is aptly described as “a caricature of 
the physiologic effects of cortisol” (Rabmowitz, 
1968) The patient develops centripetal obe- 
sity, wasting of the extremities with increased 
fat deposition about the trunk, m the supra- 
clavicular areas, the neck and the face There 
IS plethora of the neck and face Wide cuta- 
neous striae are found over the flanks and 
thighs and, in women, the breasts They repre- 
sent stretching and thinning of the skin, and 
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Pig 7 54 Hypothalamic-pituitary-adrenal relation- 
ships m the ectopic ACTH syndrome Autonomous hyper- 
secretion of ACTH by a nonpituitary tumor causes bi- 
lateral adrenal hyperplasia and increased secretion of 
corticosteroids Steroid metabolites appear in increased 
quantities in the urine Plasma cortisol is increased 
suppressing hypothalamic CRF secretion and pituitary 
ACTH and /J-MSH release Since the tumor itself se- 
cretes both ACTH and /?-MSH, however, the plasma con- 
centrations of both are increased 
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Fig 7 55 Hypothalamic-pituitary-adrenal axis in 
Cushing s disease The pituitary secretes excessive quan 
titles of ACTH and jS-MSH possibly because of in 
creased stimulation by hypothalamic CRF The increased 
plasma ACTH causes bilateral adrenal hyperplasia and 
hypersecretion of corticosteroids Urinary corticosteroid 
levels are increased The hypothalamic-pituitary axis is 
relatively resistant to suppression since elevated plasma 
cortisol concentrations fail to suppress pituitary ACTH 
and /3-MSH secretion into the normal range 

appear purple because they reveal the under- 
lying vascular dermia Wounds heal poorly 
The patient’s muscles become atrophic, and he 
cannot rise from a squatting position without 
assistance Carbohydrate intolerance is the 
rule, and frank diabetes meiiitus may be seen 
in patients with a familial predisposition to 
this disorder The patient may have mental 
aberrations ranging from euphoria to frank 
schizophrenia In children, a dramatic arrest of 
linear growth is observed In adults, osteopo- 
rosis may be severe, resulting m compression 
fractures of the vertebrae The sodmm-re- 
taming effects of high cortisol levels result in 
hypertension, which may be aggravated by the 
potentiation of the vasoconstrictor effects 
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endogenous catecholamines The Cushing’s 
patient is abnormally susceptible to infections 
Menstrual aberrations and downy hirsutism 
are frequent findings in women, as is acne over 
the face and shoulders m both sexes Hyper- 
pigmentation may be seen m Cushing’s disease 
or the ectopic ACTH syndrome because of the 
effects of jd-MSH 

The diagnosis of Cushing’s syndrome can be 
confirmed and its cause determined by 
applying physiology to clinical medicine (Fig 
7 56) In the patient with suspected Cushing’s 
syndrome, the physician tests his clinical im- 
pression by determining if hypercortisolism is 
actually present If plasma concentrations and 
urinary excretion of 17-OHCS are elevated, if 
there is no diurnal rhythm m plasma cortisol 
concentration, and if ACTH (and, secondarily, 
cortisol) secretion cannot be suppressed by low 
doses of the potent glucocorticoid, dexametha- 
sone, the patient has Cushing’s syndrome The 
cause of the hypercortisolism can then be de- 
termined by two further procedures We have 
already seen that ACTH secretion in Cushing’s 
disease is only relatively resistant to feedback 
inhibition Thus, pituitary ACTH secretion 
will be suppressed with high doses of dexame- 
thasone If it is not, the patient has either au- 
tonomous production of ACTH by a nonpitui- 
tary tumor or autonomous production of cor- 
tisol by a benign or malignant adrenal tumor 
These two can be differentiated by measuring 


plasma ACTH In the ectopic ACTH syn- 
drome, plasma ACTH is obviously elevated In 
the patient with Cushing’s syndrome due to 
adrenal tumor, on the other hand, autonomous 
hypersecretion of cortisol suppresses ACTH 
secretion by the normal pituitary, and plasma 
ACTH is low 

Treatment of Cushing’s syndrome depends 
on the cause If there is a tumor, the only sat 
isfactory treatment is surgical removal In 
Cushing’s disease, one can either direct one’s 
attack at the pituitary, to reduce ACTH secre 
tion, or at the adrenals, to remove the source 
of the excess cortisol Pituitary irradiation is 
successful m reducing ACTH secretion to 
normal m many patients Surgical hypophy 
sectomy has also been used Bilateral surgical 
adrenalectomy is successful in curing Cush 
mg’s disease, but the patient then requires 
steroid replacement therapy for the rest of his 
life Adrenolytic drugs and drugs which inter 
fere with corticosteroid biosynthesis are also 
sometimes used (Temple and Liddle, 1970) 

Congenital Adrenal Hyperplasia. The first 
detailed description of this syndrome (Baulieu 
et al , 1967) was published by DeCrecchio 
(1865) It IS caused by inborn errors of metabo- 
lism involving deficiency of specific enzymes 
which participate in adrenal steroid biosyn- 
thesis The common feature of the congenital 
adrenal hyperplasias is that cortisol synthesis 
IS impaired (Fig 7 57), resulting m increased 


Suspected Cushing’s Syndrome 



Excess Pituitary ACTH Non-Pituitary Tumor ACTH Autonomous Adrenal 

“Cubhmg’s Disease” “Ectopic ACTH Syndrome” Tumor 


Fig 7 56 A flow diagram for establishing the diagnosis of Cushing s syndrome and determining its etiology by 
means of physiologic manipulations See text for discussion 
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Fig 7 57 Hypothalamic-pituitary-adrenal dynamics 
in the congenital adrenal hyperplasias The adrenal can- 
not synthesize normal amounts of cortisol because of an 
inborn enzymatic defect Low plasma cortisol concen- 
trations result in increased secretion of ACTH andjS-MSH 
by the pituitary Under the influence of chronic ACTH 
stimulation the adrenals become increasingly hyperplastic 
and cortisol precursors are produced in increasing quan- 
tities until normal or near-normal plasma cortisol levels 
are achieved The cortisol is produced at the expense of 
increased secretion of androgenic 1 7-ketosteroid pre- 
cursors the metabolites of which appear in the urine 

ACTH secretion by the pituitary Increased 
ACTH stimulation results in bilateral adrenal 
hyperplasia, increasing the total adrenal mass 
and providing sufficient precursor steroids that 
cortisol production reaches normal or near- 
normal levels Normal cortisol production is 
achieved at the expense of excessive produc- 
tion of adrenal androgens, however, which 
cause the characteristic virilization seen in this 
disorder There are four major types of congen- 
ital adrenal hyperplasia 1 ) simple virilizing, 2 ) 
salt-losing, d) hypertensive, and 4 ) 3(d-ol de- 
hydrogenase defect, in order of decreasing inci- 


dence There are, in addition, other very rare 
forms that will not be discussed here 

Simple Virilizmg Type A partial defi- 
cienc> of the 21-h>droxylase enzyme is respon- 
sible for this type of congenital aarenal hyper- 
plasia, more complete deficiency causes the 
salt-losing variety 

The defect m steroid biosymthesis is showm 
m a simplified schematic diagram in Figure 
7 58 Synthesis of both cortisol and aldosterone 
are affected Subnormal cortisol production 
results in increased plasma ACTH levels, 
which cause accelerated production of 20 q:- 
hydroxycholesterol and, since this is the rate- 
limiting step in steroidogenesis, increased pro- 
duction of the other cortisol precursors Cor- 
tisol levels are normal or subnormal m both 
plasma and urine, depending upon the degree 
of enzyme deficiency Urinary excretion of 17- 
ketosteroids (DHA and its sulfate, A'^-andros- 
tenedione, androsterone, and etiocholanolone) 
IS increased Metabolites of cortisol precursors 
also appear in increased quantities m the 
urine Pregnanediol is a metabolite of preg- 
nenolone and progesterone, and pregnanetrioi 
IS derived from 17-hydroxypregnenolone and 
17-hydroxyprogesterone Pregnanediol and 
pregnanetrioi are easily measured m urine 
(Bongiovanni and Clayton, 1954) Testosterone 
IS also increased in the urine It is not mea- 
sured in the 17-KS, but must be quantitated by 
other methods (Camacho and Migeon, 1966) 
Since the adrenals are already maximally 
stimulated by endogenous ACTH, plasma and 
urinary steroids are usually not increased by 
administration of ACTH 

The clinical picture depends upon the se- 
venty of the enzyme defect, which dictates the 
degree of excess androgen production, and the 
time at which excessive androgen secretion 
begins during fetal life In the female, pseu- 
dohermaphroditism results, with varying de- 
grees of genitourinary anomaly Increased 
pigmentation, particularly of the areolae and 
the genitals, may be observed, and is the result 
of increased ^-MSH secretion If the patient is 
not treated, progressive virilization will occur, 
with increasing clitoral hypertrophy and devel- 
opment of a male pattern of pubic hair, 
usually be the age of 3 years Early growth 
acceleration is accompanied by early closure of 
the epiphyseal growth centers Although these 
patients are tall as young children, they do not 
reach normal adult height if untreated The 
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Fig 7 58 A diagram of the biosynthetic defect in simple virilizing congenital adrenal hyperplasia and salt losing 
congenital adrenal hyperplasia both of which are the result of a deficiency in 21 -hydroxylase Refer to Figure 7 44 
and to the text for discussion 


child may be raised as a boy and will develop a 
masculine body habitus, deep voice, body hair, 
and beard The breasts fail to develop, the 
uterus remains infantile, and the patient fails 
to menstruate 

The syndrome in the male is much more dif- 
ficult to recognize Except for increased pig- 
mentation, no abnormalities are obvious at 
birth Precocious puberty and rapid growth — 
macrogenitosomia praecos — usually are noted 
within the first few years While the child may 
appear to be a “young Hercules,” his epiphy- 
ses, too, will close at age 8 or 10 if he is not 
treated, and normal adult stature will not be 
achieved In contrast to enlargement of the 
penis and prostate, due to stimulation by ad- 
renal androgens, the testes usually remain 
small and immature, since they require stimu- 
lation by pituitary gonadotropic hormones 

The diagnosis depends upon the early recog- 
nition of the syndrome and is verified by 
finding normal or subnormal 17 OHCS levels 
m plasma and urine and markedly elevated 
17-KS and pregnanetriol The markedly ele- 
vated urinary levels of pregnanetriol and other 
metabolites of 21-deoxy steroids causes the 17- 
KGS to be increased Thus, they do not reflect 


the rate of cortisol secretion in this condition 
The 17-KS (and the 17-KGS) rapidly suppress 
to normal with replacement doses of glucocor- 
ticoids, since pituitary ACTH is normally re- 
sponsive to feedback inhibition 

Treatment consists only of replacement cor- 
ticosteroid therapy The diagnosis must be 
made at an early age in order to prevent 
growth arrest and, in the female, in order to 
prevent progressive virilization and male psy- 
chosexual fixation 

Salt-Losing Type. This represents a more 
severe form of the simple virilizing type of 
congenital adrenal hyperplasia The signs and 
symptoms are the same, with the additional 
very serious complication of the syndrome of 
primary adrenal insufficiency This usually 
manifests itself in dehydration and shock 
within the first 2 weeks of life, but may occur 
later in childhood, precipitated by some stress 
such as infection Death may occur because of 
hypovolemic shock or cardiac arrest caused by 
extreme hyperkalemia 

There are at least three factors involved in 
the salt wasting (Baulieu et al, 1967) First, 
aldosterone secretion does not rise normally 
with salt deprivation, there is loss of aldoster- 
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one secretory “reserve” (Blizzard et al , 1959) (Table 7 5) The hypertension is corrected and 
Second, cortisol normally exerts a permissive the virilization arrested by simple glucocorti- 
effect on the renal tubular actions of aldoster- coid replacement therapy 
one (Eberlem and Bongiovanm, 1958), and Another variety of hypertensive congenita! 
cortisol secretion is impaired Third, proges- adrenal hyperplasia has recently been de- 
terone and 17-hydroxyprogesterone, which are scribed in which the activity oi the 17-hydrox- 
secreted in very large quantities m this syn- ylase enzyme is deficient (Biglieri 1966) Since 
drome, antagonize the actions of aldosterone, this deficiency is present not only m the ad- 
perhaps by competing for intracellular re- renal but in the ovary, neither adrenal andro- 
ceptor-bmding sites (Crigler et al 1952, gens nor ovarian estrogens are synthesized 
Jailer, 1953) These patients usually require Increased synthesis of corticosterone and deox- 
mineralocorticoid replacement therapy ycorticosterone causes hypertension and hypo- 

Hypertensive Type. Much less common kalemic alkalosis, aldosterone secretion is ac- 
than the 21 -hydroxylase deficiency types, this tually suppressed by the salt-retammg effects 
variety is caused by a deficiency m 11/3-hy- of deoxycorticosterone The patient is pheno- 
droxylase (Fig 7 59) The pathogenesis and typically female, but fails to menstruate or 
clinical syndrome are essentially the same, sexually mature because of lack of estrogen 
except for the associated moderate to severe The diagnosis is confirmed by finding absent 
high blood pressure The urinary 17-OHCS are 17-OHCS, 17-KGS, and 17-KS in the urine in 
actually elevated m this syndrome because of the presence of excessive quantities of tetrahy- 
mcreased excretion of tetrahydrodeoxycortisol drocorticosterone and tetrahydrodeoxy- 
(THS), the last steroid precursor before the corticosterone Treatment consists of replace- 
enzymatic defect Plasma and urinary cortisol ment both with glucocorticoid and with estro- 
and cortisol metabolites are r^ormal or low, gen and progesterone 

depending upon the completeness of the en- 3^-ol Deficiency Type This rare form of 
zyme deficiency The hypertension is caused congenital adrenal hyperplasia is usually fatal 
by hypersecretion of deoxycorticosterone early in infancy because of severe sodium loss 
(DOC), a moderately potent mineralocorticoid and resulting dehydration and hypovolemic 


r 



Fig 7 59 The biosynthetic defect in the hypertensive form of congenital adrenal hyperplasia caused by 1 1;8-hy- 
droxylase deficiency Refer to Figure 7 44 and to the text for discussion 
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shock Essentially no physiologically useful 
adrenal corticosteroids are synthesized Virili- 
zation of females is less marked than in the 
other congenital adrenal hyperplasias because 
no androgen more potent than DHA is se- 
creted In addition, males very often have in- 
complete fetal genital development, with se- 
vere hypospadias Since fetal testicular an- 
drogen IS required for normal male genital 
development, it appears that the testes share 
the 3/3-ol dehydrogenase deficiency (Bongio- 
vanni, 1962) These patients, if diagnosed in 
time, require complete steroid replacement 
Even then, few survive more than a month or 
two It IS not known why these infants fail to 
respond to apparent adequate replacement of 
their missing steroid hormones 
Primary Hyperaldosteromsm. Autono- 
mous hypersecretion of aldosterone by an adre- 
nocortical tumor arising from the zona glomer- 
ulosa causes a syndrome due to pure mineralo- 
corticoid excess (Conn, 1955) The major fea- 
tures of the syndrome are hypertension and 
hypokalemic alkalosis The hypertension is 
secondary to sodium retention and, possibly, 
to partial obliteration of the lumina of periph- 
eral arterioles by swollen arteriolar cells These 
patients do not develop edema, despite the 
fluid retention, unless congestive heart failure 
occurs Hypokalemia is often mild, but may be 
worsened by diuretic therapy Severe hypoka- 
lemia may result in weakness, paresthesias, 
decreased deep tendon reflexes, cardiac ar- 
rh 3 d:hmias, and even paralysis The hypoka- 
lemia interferes both with insulin secretion 
and with the peripheral action of insulin Car- 
bohydrate intolerance is seen in half the pa- 
tients with this syndrome The low serum po- 
tassium also interferes with renal concen- 
trating ability, polyuria and polydipsia are the 
result The urine is dilute and neutral 
The diagnosis is confirmed by finding of 1) 
an elevated aldosterone secretion rate on a lib- 
eral salt diet (100 mEq sodium per day) which 
tends to suppress aldosterone secretion by in- 
creasing renal perfusion, and 2) a suppressed 
plasma renin activity, even after sodium de- 
pletion (10 mEq sodium diet and sodium- 
wasting diuretic therapy) and during upright 
posture Furthermore, if balance studies are 
performed, it will be found that the patient is 
in negative potassium balance and positive 
sodium balance Treatment is removal of the 
aldosterone-secreting adrenal tumor Aldoster- 


one antagonists, such as the spironolactones 
are often useful m correcting the electrolyte 
abnormalities and hypertension prior to sur- 
gery 

Secondary Hyperaldosteromsm, Hyperal- 
dosteronism secondary to increased stimula- 
tion by the renin -angiotensin system occurs 
when perfusion of the kidneys, or a portion of 
one of them, is decreased This is a normal, 
homeostatic defense mechanism when effective 
arterial plasma volume is decreased This oc- 
curs in dehydration, hemorrhage, or shock It 
may also occur when intravascular fluid is lost 
to another compartment in the body the in- 
terstitial spaces filled with edema fluid in 
congestive heart failure, or the intraperitoneal 
space filled with ascitic fluid in hepatic cir- 
rhosis In these situations, the renin-angi- 
otensin-aldosterone system is functioning 
normally to maintain effective arterial plasma 
volume There is a condition, however, in 
which secondary aldosteronism is pathological 
In unilateral renal artery stenosis, the mam 
renal artery or one of its segmental branches 
may become partially occluded so that the 
renal cortex supplied by it becomes ischemic 
The juxtaglomerular cells in this portion of the 
kidney then behave as though arterial volume 
were decreased, they release renin The renm- 
angiotensin system stimulates aldosterone se- 
cretion, and a syndrome that mimics primary 
aldosteronism develops It can be differenti- 
ated from primary hyperaldosteromsm, how- 
ever, by demonstrating both an elevated aldos- 
terone secretion rate and an elevated plasma 
renin activity Assay of plasma renin activity in 
blood obtained by catheterizmg each renal vein 
will reveal greatly elevated levels on the side 
of the stenotic artery (Michelakis et al , 1967) 

Treatment is directed at relieving the ste- 
nosis by vascular surgery or, if that is not pos- 
sible, removal of the ischemic kidney 

The Adrenal Medolla 

DEVELOPMENT AND ANATOMY 

Early in fetal life, sympathetic cell precur- 
sors migrate from the neural tube which even- 
tually differentiate into either sympathetic 
ganglion cells or chromaffin cells The latter 
cells remain closely associated with the sym- 
pathetic nervous system and form the para- 
ganglia, the preaortic plexuses of Kuhn and 
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Zuckerkandl, the carotid and glomus bodies, 
and the adrenal medulla Similar chromaffin 
cells are associated with the sympathetic and 
parasympathetic nerves in many organs and 
viscera of the body While most of these cells 
atrophy during infancy, some survive and can 
be the origin of “ectopic” functional hormone- 
secreting tumors in later life 
The medulla is composed at birth of primi- 
tive sympathetic cells which fully differentiate 
into chromaffin cells (pheochromocytes) during 
the first 3 years of life Most of the blood 
supply to the adrenal medulla arrives via a 
portal system draining the cortex Thus, the 
afferent blood has very high concentrations of 
adrenal corticosteroids In contrast to the cor- 
tex, the adrenal medulla is not essential to life, 
although it normally functions to release cate- 
cholamines in the “fight or flight” response to 
emotion or stress 
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BIOSYNTHESIS OF CATECHOLAMINES 

The synthesis of epinephrine, the important 
catecholamine secreted by the adrenal me- 
dulla, IS outlined m Figure 7 60 Tyrosine is 
derived primarily from dietary sources (Levine 
and Conn, 1967) The first step m the biosyn- 
thetic pathway, conversion of tyrosine to dopa, 
IS the rate-limitmg reaction (Levitt et al , 
1965, Kaufman and Friedman, 1965) The re- 
action IS catalyzed by tyrosine hydroxylase, an 
enzyme found only m neurectodermai tissues 
Tyrosine hydroxylase is inhibited by a variety 
of catecholamines, which thereby function as 
an intracellular negative feedback regulatory 
control on their own synthesis (Undenfnend, 
1968) Dopa is converted to dopamine by 
L-aromatic ammo acid decarboxylase, and 
Thence to norepinephrine by dopamine /?-oxi- 
dase Phenylethanolamine-N-methyl trans- 
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Fig 7 60 The biosynthetic pathway for conversion of tyrosine to norepinephrine and epinephrine 
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ferase (PNMT), the enzyme that catalyzes the 
conversion of norepinephrine to epinephrine, is 
found in significant concentrations only in the 
adrenal medulla This is of interest because 
phenylethanolamine-N-methyl transferase is 
induced by high concentrations of cortisol, 
which are found only in the portal blood 
draining the adrenal cortex and supplying the 
medulla (Wurtman and Axelrod, 1966) Thus, 
while other catecholamines are synthesized 
widely in the central nervous system and in 
sympathetic nerve endings, epinephrine is syn- 
thesized almost exclusively by the adrenal 
medulla 

STORAGE AND RELEASE OF 
CATECHOLAMINES 

Unlike the adrenocortical steroids, which are 
released almost as soon as they are synthe- 
sized, catecholamines are stored in the adrenal 
medullary cells They are held in membrane- 
enclosed secretory vesicles similar to those 
seen in the synaptic nerve endings of the sym- 
pathetic nerves They are complexed with 
adenosine triphosphate (1 mole of ATP for 4 
moles of catecholamine) and a specific protein 
(MW 40,000) The vesicles also contain a Ca^"^ 
and Mg'^^ dependent ATPase (Kopin, 1967) 
The binding of the amine to the complex is 
moderately structure-specific and requires 
both the catechol configuation (Fig 7 61) and 
the /3-hydroxyl group for maximum binding 
These sub cellular vesicles take up epinephrine 
and norepinephrine by a transport process 
requiring energy The free catecholamine 
which is not taken up immediately by the vesi- 
cles IS metabolized by monamine oxidase 
(MAO) located within the mitochondria The 
hormone contained within the secretory vesicle 
can be released in response to an appropriate 
stimulus which, in the case of the adrenal 
pheochromocyte, is acetylcholine secreted by 
the preganglionic nerve fibers that terminate 
in the medulla Other agents, such as hista- 
mine and glucagon, can stimulate epinephrine 
release, their physiologic importance is not 
clear Calcium ions enter the cell in response 



Fig 7 61 Catechol (pyrocatechin) 


to acetylcholine stimulation and mediate the 
excitation-secretion coupling phenomenon by 
which a unit stimulus causes the release of a 
“quantum” of catecholamine The quantal re- 
lease of epinephrine is due to the fact that the 
contents of a single secretory vesicle are ex- 
truded into the extracellular space The cate- 
cholamine, vesicle-bindmg protein and ATP 
products are released in the same ratio in 
which they are found in the secretory vesicle 
(Douglas, 1966a, 1966b, Kirschner et al , 1966) 
In the synapses of the sympathetic nerve cells, 
most of the norepinephrine released is taken 
up immediately by the cell and incorporated 
into secretory vesicles There is little evidence 
to suggest that this is true of the adrenal med- 
ullary pheochromocyte Presumably, most of 
the epinephrine is carried away either to act 
upon distant target tissues or to be metabo- 
lized by catechol- O -methyl transferase (Fig 
7 62) 

METABOLISM OF CATECHOLAMINES 

Norepinephrine and epinephrine are metab- 
olized by two enzymes, primarily Monamine 
oxidase (MAO), which is found in the mito- 
chondria of chromaffin cells (DeLores Arnaiz 
and DeRobertis, 1962), deaminates the a- 
carbon of norepinephrine, epinephrine, and 
other catecholamines, such as serotonin and 
dopamine The free epinephrine not contained 
within the secretory vesicles is metabolized in 
situ by this enzyme Catechol- 0 -methyl trans- 
ferase (COMT) catalyzes the transfer of the 
methyl group from S-adenosyl methionine to 
the catechol 3 -hydroxyl radical and requires 
Mg"^^ as a cofactor (Axelrod, 1957, Wurtman, 
1965) Catechol-O-methyl transferase is 
present in many tissues and metabolizes the 
circulating free catecholamines The major 
metabolites of epinephrine and norepinephrine 
are shown in Figure 7 63 

ASSAY OF CATECHOLAMINES 

The technique for assaying catecholamines 
requires that they first be extracted from the 
specimen either by adsorption onto aluminum 
hydroxide at alkaline pH, followed by elution 
with weak acid, or by ion exchange chromatog- 
raphy on acid resins They are then converted 
to fluorescent derivatives which can be quanti- 
tated The most commonly used method in- 
volves oxidation in weak acid to form the qui- 
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Fig 7 62 A diagrammatic representation of epinephrine synthesis storage release and metabolism by the adrenal 
medullary pheochromocyte See text for discussion 


none denvatives (adrenochrome, noradreno- 
chrome) with subsequent conversion, by expo- 
sure to alkaline solution, to their fluorescent 
tnhydroxyindole derivatives (Fig 7 64) (Anton 
and Sayre, 1962, Haggendal, 1963) The 
method is quite specific, dopa and dopamine 
interfere somewhat, but they are usually pres- 
ent in only small quantities. The antihyper- 
tensive agent, a-methyl dopa, on the other 
hand, interferes grossly in this assay 
Free or conjugated catecholamines, vanillyl 
mandelic acid (VMA), or total metanephrines 
(normetanephrme plus metanephrme) can be 
assayed m the urine (Page and Copeland, 1968) 
Free epinephrine is excreted in the amount of 
20 /ig or less per day The excretion of free 
norepinephrine, the great majority of which 


IS released by the sympathetic nerve endings, 
IS 80 /xg or less per day The upper limits of 
normal for total metanephrines and VMA are 
1 3 mg and 6 5 mg /day, respectively 

PHYSIOLOGICAL EFFECTS OF 
CATECHOLAMINES 

The catecholamines exert their effects on 
target tissues by binding to a receptor site on 
the cell membrane, influencing the activity of 
the associated enzyme, adenyl cyclase (Suther- 
land and Rail, 1960) Adenyl cyclase regulates 
the synthesis of cyclic 3^5'-AMP Cyclic AMP 
is the intracellular mediator of catecholamine 
action The receptors have been divided into 
two categories by pharmacologists on the basis 
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3-Methyl-4-hydroxymandehc acid 
(Vanillylmandehc acid, VMA) 

Fig 7 63 The major pathways of metabolism of norepinephrine and epinephrine Two enzymes are involved 
Catechol-O-methyl transferase (COMT) and monamine oxidase (MAO) 
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Fig 7 64 Conversion of epinephrine to adrenolutme a fluorescent trihydroxyindole in the assay of catechola- 
mines 


of the compounds that bind to the receptor 
sites (Ahlquist, 1948). Although there is no 
compelling evidence for the existence of two 
structurally distinct receptors, an a (vasocon- 
strictor) and id (vasodilator) receptors have 
been identified Since synthetic agents have 
been developed that stimulate or block only one 
of these types of activities, however, it has re- 
mained a useful working concept (Sutherland 
and Rail, 1960) There is some evidence that /?- 
adrenergic agents increase intracellular cyclic 
AMP levels and that ct-adrenergic agents de- 
crease it (Abe et al , 1969b), but the exact 
mechanism of a -adrenergic agents is still m 


doubt Both norepinephrine and epinephrine 
have both a- and jd-adrenergic activities 
A list of some of the metabolic effects of 
catecholamines is given in Table 7 6 Catechol- 
amines stimulate glycogenolysis and therefore 
have an anti- insulin effect The catechola- 
mines stimulate the mobilization of free fatty 
acids from adipose tissue, skeletal muscle and 
myocardium in the presence of minimal con- 
centrations of glucocorticoids, which exert a 
permissive effect These actions, which involve 
activation of adenyl cyclase, might be ex- 
pected to be jd-receptor activities This ap- 
pears to be the case Epinephrine is more po- 
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Table 7 6 

Some effects of catecholamines 


Effector Organ 

Receptor 

Type 

Response 

Eve 

Radial muscle, ms 

a 

Contraction ( mydriasis) 

Ciliary muscle 


Relaxation for far \ ision 

Heart 

Sinoatrial node 


Increase m heart rate 

Atrioventricular node 

/j 

Increase in conduction velocity and shortening 
of functional refractor> period 

Atria 


Increase in contractility 

Ventricles 


Increase in contractility and irntabilitv 

Blood vessels 

Oi 

Constriction 



Dilatation (predominates in skeletal muscle) 

Bronchial muscle 


Relaxation (bronchodilatation) 

Gastrointestinal tract 

Motility 

Stomach 

0 

Decrease 

Intestine 

a, jd 

Decrease 

Sphincters 

a 

Contraction 

Urinary bladder 

Detrusor 


Relaxation 

Trigone and sphincter 

a 

Contraction 

Skin 

Pilomotor muscles 

a 

Piloerection 

Sweat glands 

a 

Selective stimulation (adrenergic sweating) 


From Levine (1969) 


tent than norepinephrine in producing these 
effects 

DISORDERS OF ADRENOMEDULLARY 
FUNCTION PHEOCHROMOCYTOMA 
Pheochromocytomas are functioning tumors, 
usually benign, that arise from pheochromo- 
cytes They occur most commonly in the ad- 
renal medulla, but may arise wherever these 
chromaffin cells are found in the body They 
occasionally are familial (Page and Copeland, 
1968) and may be associated with benign tu- 
mors of other endocrine glands, malignant 
tumors of the thyroid, and certain other condi- 
tions (von Recklinghausen’s neurofibromatosis, 
von Hippel-Lindau’s hemangioblastomatosis) 
The chnical manifestations of pheochromo- 
cytoma are due to catecholamine hypersecre- 


tion and depend upon whether the tumor 
tends to release the catecholamines constantly 
or paroxysmally, and whether it secretes 
mostly epinephrine or norepinephrine Hyper- 
tension, usually constant but sometimes par- 
oxysmal and associated with excessive per- 
spiration, flushing, palpitations, and tremor, is 
the hallmark of the disease The patient may 
also have headaches, pallor, nausea, nervous- 
ness, and weakness 

The diagnosis is confirmed by documenting 
increased excretion of catecholamines, VMA or 
total metanephrmes in the urine If epineph- 
rine is elevated without a parallel increase m 
norepinephrine, the tumor is virtually always 
found m the adrenal medulla of the organ of 
Zuckerkandl Treatment is removal of the 
tumor 
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Insulin and glucagon are peptide hormones 
which are secreted by pancreatic islet cells and 
exert important regulatory effects on carbohy- 
drate, fat, and protein metabolism The dis- 
covery of insulin IS closely linked with at- 
tempts to understand the nature of diabetes 
mellitus, a disorder which results from a rela- 
tive or absolute deficiency of this hormone 
Studies of von Mehring and Minkowski in the 
late 1800’s, clearly established the pancreatic 
origm of diabetes mellitus by showing that the 
disorder appeared in dogs following pancrea- 
tectomy In 1922, Banting and Best reported 
the isolation of an active hormonal principal, 
insulin, from the pancreas and were able to 
reverse the metabolic changes of diabetes In 
the early 1950’s, Sanger and co-workers (San- 
ger, 1959) established the complete amino acid 
sequence of ihsulm This pioneering accom- 
plishment ushered m a new era in protein 
chemistry and led to the equally exciting 
achievement of the total chemical synthesis of 
a biologically active protein Vasopressin and 
oxytocin were the first peptide hormones to be 
synthesized, and the list now includes insulin 
(Katsoyannis et al , 1964) and glucagon 
(Wunsch, 1967) 

CHEMICAL NATURE OF 
INSULIN 

Insulin has a molecular weight of about 6000 
and consists of two polypeptide chains, A and 
B, which are joined at two places by disulfide 
bridges ( — S— S— ) of cystine (Fig 7 65) A 
third disulfide bridge within the A-chain forms 
an intrachain disulfide ring Similar cyclic 
disulfide structures are found in vasopressin 
and oxytocin but, as far as is known, these two 
posterior lobe hormones do not share any im- 
portant physiological property of insulin 

Insulin activity is thought to be related 
closely to its natural conformation or three- 
dimensional shape, which in turn is deter- 
mined largely by its primary or ammo acid 


structure The three-dimensional shape of in- 
sulin is stabilized by hydrogen bonding and 
loss of biological activity occurs when these 
bonds are broken (denaturation) as by exces- 
sive heat or exposure to alkali, even though 
there has been no alteration in ammo acid 
structure The disulfide bridges are also impor- 
tant biologically and their disruption by re- 
ducing agents will result in nearly complete 
loss of insulin potency On the other hand, 
many chemical modifications of the ammo 
acid structure of insulin have been made 
without significant alteration m biological ac- 
tivity Some of these alterations have proved 
to be useful in labeling insulin with radioactive 
markers One of the most widely used modifi- 
cations at the present time is or ^®fi-la- 
beled lodomsulin By its use, it has been pos- 
sible to measure very small concentrations of 
insulin m metabolic experiments either di- 
rectly or by the use of radioimmunoassay pro- 
cedures In addition to these man-made modi- 
fications, many natural variations in ammo 
acid composition of native insulin have been 
found In a comparison of ammo acid se- 
quences among 16 or so species, variations 
have been found in about 60% of the ammo 
acid residues (Smith, 1966) One unchangmg 
feature, however, is the relative position of the 
disulfide bridges, and in all species of insulin 
thus far identified, identical numbers of ammo 
acids are contained within the cyclic peptide 
m the A-chain and between the points of at- 
tachment of the disulfide bridges joining the 
A- and B-chams The only differences noted 
among the five species of mammalian insulin 
— beef, pork, sheep, horse, and whale— reside 
in the sequence of three ammo acids within 
the A-chain ring (Smith, 1966) With the ex- 
ception of guinea pig insulin which exhibits 
reduced biological potency in other mammals, 
none of these natural variations m ammo acid 
structure is associated with alteration in bio- 
logical activity. These variations do confer dif- 
ferences in immunologic activity, however, and 
it is sometimes necessary in the management 
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brates (Ryle et a! 1955 Smith 1966) 


of patients with diabetes to change the source 
ot mammalian insulin when insulin resistance 
from antibodies complicates treatment 

INSULIN BIOSYNTHESIS 
Pancreatic Islets (Lacy, 1970) Insulin bio- 
s>nthesis is the exclusive property of the /3-cell 
of pancreatic islet tissue (Fig 7 66) In some 
lower vertebrates, notably certain teleosts, 
islet tissue is formed as a separate organ from 
the exocrine pancreas, but in higher forms, in- 
cluding all mammals, the islet cells are scat- 
tered throughout the pancreas Human pan- 
creatic islets are characterized by the presence 
of four distinct cell types, each with its own 
unique type of secretory granules Analysis of 
the insulin granules indicate that the insulin 
molecules are packed as a structural unit 
giving rise to a distinct crystalline periodicity 
Zinc appears to be bound with this complex 
but its importance is still not understood The 
secretory mechanism of /3-cells is a matter of 
debate While many investigators feel that the 
granule is released by reverse pmocytosis, a 
process referred to as emiocytosis, other inves- 
tigators have found no evidence for fusion of 
the limiting membrane of secretory granules 
with the plasma membrane of the cell The 
latter would imply an intracytoplasm ic disso- 
lution of the granule and subsequent transport 
of insulin across the plasma membrane to the 
interstitial space a- cells are characterized by 
the presence of extremely electron opaque 
granules and are thoroughly documented as a 
site of glucagon secretion in the islet The se- 
cretory mechanism of these cells is not known 
A-cells are present in the pancreatic islets of 
all species studied to date and are character- 
ized by the presence of a secretory granule that 
has moderate electron opacity and is ex- 
tremely uniform in its ultrastructural appear- 
ance The hormones secreted by A-cells are 
not clearly established although there is some 
data from immunofluorescence studies sug- 


gesting that gastrin is secreted b\ these cells 
The ubiquitous fourth cell t\pe which has 
been described in monkey, human, and rabbit 
pancreatic islets as well as the islets ot some 
reptiles, appears to resemble some of the en- 
terochromaffin cells of the intestinal tract 
Proinsulm The ammo acids in insulin are 
presumed to be assembled m peptide linkage 
on ribosomes in the same wa> that other pep- 
tides are formed and the reader is referred to 
Chapter 13 for a description of this process 
While our knowledge of protein synthesis is 
able to explain the formation of single chain 
peptides, the question as to how^ the separate 
A- and B-chains are combined was a m>ster> 
until recently It is known from laboratory 
experiments that the recombination of sepa- 
rated A- and B-chains is often extremel> inef- 
ficient, since chains often join together in a 
haphazard fashion producing biologically inac- 
tive material The problem was soKed by the 
discovery of proinsulm ( Steiner et al , 1969) 
As shown m Figure 7 67, proinsulm is a single- 
chain polypeptide comprising both the A- and 
B-chams of active insulin with a connecting 
peptide of 30 ammo acids residues The con- 
necting or C-peptide apparently serves to 
place the A- and B-chams in proper position 
for the establishment of the disulfide bridges 
When the bridges are deliberately broken in 
samples of proinsulm, they may be united effi- 
ciently without any resultant loss of biological 
activity The C -peptide is removed mtracellu- 
larly by the action of a trypsm-like enzyme 
shortly after the synthesis of proinsulm In- 
sulin IS then stored within membrane -bound 
granules prior to secretion as described above 
This method of activation by enzymatic diges- 
tion of a portion of the parent peptide chain is 
analogous to trypsin activation of a number of 
pancreatic digestive enzymes which are se- 
creted as inactive forms 
Although most insulin is activated within 
the /3-cell before secretion, about 5% of the 
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insulin in blood exists as promsulm Promsulm 
has very little biologic activity and there is no 
evidence that it can be converted to insulin 
outside the pancreas The discovery of this 



Fig 7 66 Proposed model of cell secretion Glu- 
cose metabolism signals the initiation of promsulm syn- 
thesis m the endoplasmic reticulum Promsulm is either 
transferred directly to the Golgi complex or via saccular 
forms of the endoplasmic reticulum The site of trans- 
formation of promsulm to insulin probably occurs in the 
Golgi complex and intermediate granules may be present 
in the sacs of the Golgi apparatus The mature ^ gran- 
ules are encased m smooth membranous sacs and dis- 
charged into the cytoplasm The granules become asso- 
ciated with the microtubular-microfilamentous system 
of thC/d cell calcium influx is produced by glucose metab- 
olism and the calcium ions produce contraction or a 
change in physical conformation of the microtubular-mi- 
crofilamentous system with resultant displacement of the 
granules to the surface of the cell where they are lib- 
erated by emiocytosis (From Lacy 1970) 


new step in the biosynthesis of insulin raises 
the possibility that some forms of diabetes can 
generate from either genetic alterations in the 
synthesis of the C-peptide or in the mecha 
nism of activation of insulin 

CHEMICAL NATURE AND BIOSYNTHESIS 
OF GLUCAGON 

Glucagon is a single-chain peptide with a 
molecular weight of about 3500 (Fig 7 68) It is 
difficult to separate from insulin and is a 
common contaminant of many commercial 
preparations of insulin The discovery of glu- 
cagon was the result of attempts to understand 
the nature of a transient hyperglycemia which 
was noted with many early preparations of 
insulin Subsequent isolation and characteri- 
zation of a material, which was known as hy- 
perglycemic factor, revealed a discrete small 
protein which promoted hepatic glycogenolysis 
in extremely small concentrations The pep- 
tide has 29 ammo acid residues and its struc- 
ture has been confirmed by total chemical syn- 
thesis (Wunsch, 1967) 

Glucagon is synthesized and secreted by the 
<a:- cells of the pancreatic islets Small amounts 
have also been extracted from gastric and in- 
testinal mucosa of a number of animal species 
(Marks and Samols, 1970) The nature and 
properties of gut or enteroglucagon are not 
well understood, but there is considerable evi- 
dence that this latter factor or factors may be 
of importance in the regulation of insulin se- 



Fig 7 67 Primary structure of beef promsulm Numbers above sequence indicate position with respect to 
amino-terminus of the B-chain segment which is ammo-terminal in promsulm (From Nolan et al 1971 ) 
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Fig 7 68 Structure of glucagon (From Bromer et al 1957 j 


cretion Present evidence indicates that there 
are at least two fractions of immunoreactive 
glucagon in the gut one has a molecular 
weight twice that of pancreatic glucagon, an- 
other, comprising nearly half of the immuno- 
reactivity, has a molecular size comparable to 
pancreatic glucagon 

mechanism of insulin 

AND GLUCAGON SECRETION 
(Meyhew et al, 1 969) 

Insnlm (Table 7 7) In a classic study with 
the perfused rat pancreas, Anderson and Long 
{ 1948) clearly demonstrated the primary role of 
glucose in stimulating insulin secretion Since 
the response was obtained with the isolated 
pancreas, it was apparent that an intact nerve 
supply was not absolutely required Develop- 
ment of improved electron microscopic 
methods and sensitive immunoassay tech- 
niques for the measurement of insulin have 
greatly stimulated research in this area As a 
result, a number of additional factors have 
been shown to be of importance in modulating 
insulin secretion 

As was mentioned in an earlier discussion of 
islet cells, some investigators have observed 
striking morphologic changes in /3-cell gran- 
ules following the stimulation of insulin secre- 
tion The picture that is presented is one in 
which insulin granules which are scattered 
throughout the cytoplasm move toward the 
outer membrane of the cell The membrane 
surrounding the granules fuses with the cell 
membrane, and, at the point of fusion, a hole 
appears through which the granule is extruded 
This process, known as emiocytosis, so distorts 
the cell membrane as to give the appearance of 
microvilli which are also characteristic of 
membranes from absorptive cells 
With the isolated pancreas, stimulation of 
insulin secretion by glucose occurs in two dis- 
tinct phases (Grodsky et al , 1970, Levine, 
1970) Immediately after the addition of glu- 
cose, insulin IS rapidly released m a burst of 
secretory activity, the rate of secretion then 
falls With maximal stimulation, only about 
2% of the total quantity of insulin present in 
the pancreas is released With continued apph- 


Table 7 7 

Factors stsmulating or inhibiting insulin secretion 


Stimulants 

Inhibitors 

Glucose 

2-Deoxyg!ucose 

Mannose 

Mannoheptulose 

Arginine 

Epinephrine 

Leucine 


d ketoacids 


Secretin 


Pancreoz> mm 


Glucagon 


Cyclic AMP 


Theophylline 


Sulfon> lureas 



Modified from Levine, 1970 


cation of the glucose stimulus, a lower rate of 
secretion (Phase II) is maintained tor longer 
periods of time Inhibitors of protein synthesis, 
such as puromycm, will reduce the second 
phase and for this reason this phase is thought 
to be dependent in part, at least, on the re- 
lease of newly synthesized insulin 

The mechanism of the stimulation of insulin 
secretion by glucose is not known, but it ap- 
pears to be closely related, in some way to the 
utilization of glucose (Randle et al , 1968) 
Mannose, which can be utilized by the id-cell, 
will substitute for glucose, but nonmetaboli- 
zable sugars such as galactose or D-xylose fail 
to stimulate secretion Furthermore, interfer- 
ence with glucose metabolism by the addition 
of mannoheptulose, a seven -carbon sugar, or 2- 
deoxyglucose, will also block the stimulatory 
effects of added glucose or mannose From 
present information, it would appear that the 
signal generated by glucose for the release of 
insulin IS derived from some intermediate m 
the pathway of glucose metabolism beyond 
glucose-6 -phosphate 

In addition to glucose, ammo acids have also 
been shown to evoke insulin release Ingestion 
of protein or the mfiision of a mixture of 
ammo acids m vivo will cause a substantial 
mcrease m levels of plasma insulin which are 
seemingly unrelated to the slight elevation m 
glucose that accompanies the infusion The 
most potent effects are produced by argmme 
and lysine, although other ammo acids, m- 
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eluding leucine, are effective Christensen 
(1971) has recently shown that certain ammo 
acid analogues which are transported but not 
metabolized by the B-cell will also evoke a 
secretory response The mechanism of the 
ammo acid effect is not understood The ke- 
tone bodies, /d-OH-butyric and acetoacetic 
acids, have also been reported to stimulate 
insulin secretion (Madison et al , 1964) 

Cyclic Adenosine Monophosphate (Cyclic 
AMP). Several lines of evidence strongly im- 
plicate cyclic AMP in some fundamental way 
in the mechanism of secretion Glucagon has 
been shown to increase cyclic AMP levels m 
islet tissue and to stimulate insulin synthesis 
and release from the /5-cell (Table 7 8) The 
stimulatory effect is augmented by agents 
such as theophylline which inhibit phosphodi- 
esterase, the enzyme responsible for cyclic 
AMP degradation Moreover, the administra- 
tion of the cyclic nucleotide itself evokes se- 
cretion Analogous effects of cyclic AMP 
have been noted in the thyroid and the ante- 
rior pituitary As in many other secretory 
cells, the stimulus to secretion appears to be 
strongly dependent on Ca^^, is also re- 
quired At first, investigators were puzzled 
by the fact that epinephrine either failed to 
stimulate secretion or exerted an inhibitory 
effect in the presence of glucose It is now 
known that epinephrine attaches itself to an 
a-adrenergic receptor site, which inhibits 
cyclic AMP formation When an a-adrenergic 
blocking agent, such as phentolamine, is 
added, epinephrine exerts its effects via the 
id-adrenergic site which is stimulatory to cyclic 
AMP formation and insulin secretion (Table 
7 8) 


In addition to the effects of glucagon and 
epinephrine, the intestinal hormones, secretin 
and pancreozymin, are known to stimulate 
insulin secretion (Marks and Samols, 1970) 
The role of these hormones in modulating the 
msuimotropic effects of glucose and glucagon 
will be discussed below Tolbutamide, a sul- 
fonylurea, which has been used in the treat- 
ment of maturity -onset diabetes, is an effec- 
tive stimulus of insulin secretion This agent 
apparently works independent of the stimula- 
tion by glucose since mannoheptulose, which 
blocks the effect of glucose on insulin release, 
fails to inhibit the tolbutamide effect 

Glucagon Secretion (Marks and Samols, 
1970) Owing to the presence of interfering and 
cross-reacting materials in plasma, glucagon 
has been more difficult to measure by immu- 
nologic techniques than has insulin For this 
reason, comparatively little information is 
available either on the mechanism of secretion 
or the nature of agents that stimulate or in- 
hibit release Severe hypoglycemia that is in- 
duced by phloridzm in dogs has been shown to 
promote glucagon secretion However, glu- 
cagon secretion is either unaffected or de- 
creased somewhat with prolonged fasting 
While high glucose concentrations m the blood 
perfusing the pancreas will apparently sup- 
press glucagon secretion, moderate degrees of 
hypoglycemia are seemingly not a stimulus to 
glucagon secretion Fasting may indirectly 
promote secretion by other mechanisms Both 
pancreozymin and amino acids have been 
shown to exert potent stimulatory effects in 
vitro 

Secretion under Physiological Conditions. 

There is general agreement that glucose is the 


Table 7 8 

Effects of theophylline glucagon epinephrine a-adrenergic blocking agent (phentolamine) and ^-adrenergic blocking 
agent (propranolol) on pancreatic islet cyclic 3' 5' AMP content and insulin release in the rat 


Experimental Conditions 

Theophylline 

Cyclic 3'5' AMP 
Concentration in 
Pancreatic Islets 

Insulin Secretion 
in Vivo 



iimoles/g 

^units -minutes ml ~ 

Control 

- 

355 ± 50 

0 


-h 

5,570 ± 302 

487 ± 42 

Epinephrine 

+ 

415 ± 12 

208 ± 29 

Epinephrine phentolamine 

-h 

4,450 =fc 363 

1,272 ± 36 

Epinephrine -f propranolol 


305 ± 20 

0 

Glucagon 

-h 

11,950 =fc 431 

1,023 ± 97 


From Turtle and Kipms, 1967 
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primary agent which regulates insuim secre- 
tion Plasma insulin levels increase promptly 
m response to hyperglycemia, and secretion is 
diminished during hypoglycemia and lasting 
It would appear that epinephrine, which may 
be released m response to hypoglycemia, is 
able to exert a restraining effect on insulin se- 
cretion 

It has long been observed that the magni- 
tude of the hyperglycemia following oral glu- 
cose is appreciably smaller than that resulting 
from a comparable quantity of glucose admin- 
istered intravenously (Fig 7 69) This differ- 
ence has been attributed to an augmentation 
of insulin secretion by intestinal factors which 
are mobilized during the absorption of glucose 
m the gut These factors have not been identi- 
fied but intestinal glucagon is a possibility 
Both secretin and pancreozymin are known to 
stimulate insulin secretion, but it is unlikely 
that the elaboration of these intestinal hor- 
mones is significantly increased by the absorp- 
tion of glucose Other foodstuffs, such as 
ammo acids and fat, will evoke pancreozymin 
secretion, which in turn may stimulate the re- 
lease of insulin Although this sequence would 


BLOOD GLUCOSE 



Time in mins 


Fig 7 69 Stood glucose and plasma insulin response 
to rapid infusion of 60 g of glucose either intravenously 
or intrajejunally to a normal subject (From McIntyre et 
al, 1965) 


not explain the increased release of insulin m 
response to the absorption of glucose, it does 
suggest a possible mechanism whereb} the 
process of digestion can promote insulin secre- 
tion in anticipation of increased blood le\eis of 
substrates 

FATE OF INSULIN AND 
GLUCAGON AND REACTION 
WITH SYSTEMIC TISSUES 

Measurements of plasma insulin turno\er by 
disappearance of insulin or immunoreac- 
tive insulin has shown that insulin is rapidly 
removed from plasma by the body tissues 
(Williams, 1968) The half-hfe of plasma in- 
sulin is 10 mm or less which makes it neces- 
sary for the pancreas to secrete insulin steadily 
in order to maintain levels that are sufficient 
for optimal metabolic performance Little or 
no insulin is taken up by the brain or red cells, 
but the liver, kidneys, and skeletal muscle 
remove almost all of the insulin that is se- 
creted Very little is excreted in the urine The 
relative affinity of the tissues for insulin ap- 
pears to bear no relationship to the biological 
effects of the hormone on the tissues, instead, 
the very large uptape of circulating insulin by 
the liver and kidneys is thought to be pri- 
marily related to the need of the body to de- 
grade insulin This function facilitates regula- 
tion of plasma msulin by providing a means to 
decrease insulin concentrations when insuim 
secretion is cut off Although skeletal muscle is 
one of the important sites of insulin action, the 
removal of plasma msulin per unit mass of 
tissue IS relatively small as compared with ei- 
ther the kidney or the liver However, owing to 
the large mass of muscle, the total quantity of 
insulin removed is similar to that degraded by 
the kidneys or the liver 

Knowledge of the nature and location of m- 
sulm-bmdmg sites on cells is of great impor- 
tance to further understanding of the mecha- 
nism of msulin action In general, the binding 
of insulin appears to serve at least two func- 
tions The first involves the attachment of the 
hormone to receptor sites which directly or 
indirectly alter the rates of metabolic func- 
tions The nature of the metabolic effect de- 
pends on the particular tissue involved, as well 
as its metabolic state. It is clear from recent 
studies by Cuatrecasas (1969) with isolated fat 
cells that most of the well-known effects of 
insulin in that tissue can be mediated from 
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receptor sites on the celi surface In these par- 
ticular experiments, the insulin that was used 
was chemically attached by the N-terminal 
ammo acid of the B-chain to a very large aga- 
rose polymer particle The modified insulin 
was reacted with isolated fat cells and found to 
retain all of the biological activity of native 
insulin Since the large size of the agarose pre- 
vented penetration of insulin into the interior 
of the cell, it appeared to act through a re- 
ceptor site that was on or close to the outer 
membrane of the cell While this experiment 
does not eliminate the possibility that there 
are other receptor sites within cells, it is in 
keeping with a large body of evidence indi- 
cating that many of the metabolic effects, in- 
cluding those concerned with membrane trans- 
port, are mediated at sites on the cell mem- 
brane 

The second function served by insulin 
binding is the destruction of insulin As men- 
tioned above, the necessity for such a mecha- 
nism becomes clear when one considers that 
metabolic regulation is a bidirectional process 
requiring downward as well as upward adjust- 
ments in hormone levels The continuous se- 
cretion of insulin by the pancreas, which in the 
human averages 1 to 2 mg /day, is determined 
in part by the rate of destruction of insulin in 
peripheral tissues All tissues that respond to 
msulin appear to be capable of degrading in- 
sulin to some extent The converse is not true, 
however, since the kidney, which is apparently 
unaffected by insulin, does bind and degrade 
insulin to a considerable extent The process of 
insulin degradation has been studied exten- 
sively in liver, and studies employing the iso- 
lated perfused liver have shown that the ca- 
pacity for destroying insulin far exceeds the 
limits of the tissue to respond to the metabolic 
effects of the hormone This indicates that 
sites of insulin inactivation may differ from 
those concerned with metabolic regulation 
Little IS known of the msulin-inactivatmg 
mechanism except that the hormone is known 
to be completely broken down to its constit- 
uent ammo acids An enzyme, insulin-gluta- 
thione transhydrogenase, in liver has been 
found to catalyze the reductive cleavage of the 
disulfide bridges m insulin (Tomizawa, 1962, 
Katzen et ah, 1963) For a time it was thought 
that this enzyme played an important role in 
insulin inactivation Results of more recent 
studies, however, make it doubtful that this 


enzyme plays a specific role in insulin destruc- 
tion 

The question whether binding of insulin in- 
volves a covalent bonding between the hor- 
mone and reactive groups on the receptor site 
has been raised One possibility would be the 
breaking of the disulfide bridges and reattach- 
ment of insulin to free SH-groups on the re- 
ceptor sites Preliminary attempts to study 
this possibility have indicated that bonding of 
this type may occur but the evidence is far 
from conclusive The well-known fact that the 
metabolic effects of insulin can be promptly 
stopped by the addition of msulm-bmding an- 
tibody indicates that the attachment mecha- 
nism IS readily reversible 

Systemic Effects of Insolin 
and Glucagon 

INSULIN 

Insulin exerts a variety of metabolic effects 
on many tissues of the body but its funda- 
mental mode of action or actions at the cel- 
lular level IS unknown Hormonally-responsive 
tissues include muscle (skeletal and heart), 
adipose tissue, liver, white cells, mammary 
glands, bone, skin, lens, pituitary, peripheral 
nerve, and aorta Brain, gonads, and red cells 
are notable for their lack of responsiveness to 
insulin, the question as to whether the kidney 
IS responsive is a matter of debate The failure 
of insulin to cross the blood-brain barrier may 
explain the lack of responsiveness by the 
brain, but there is no explanation for the other 
insulm-msensitive tissues except for the ap- 
parent absence of specific receptor sites Since 
metabolic responses to insulin differ among 
the various tissues according to the functional 
differentiation of the cells, the role of insulin 
in regulating specific metabolic processes will 
be discussed in chapters dealing with these 
processes 

One of the primary roles of msulin in the 
overall economy of the body is to regulate up- 
take, storage, and release of important circu- 
lating substrates — glucose, ammo acids, and 
fatty acids The levels of these constituents in 
plasma reflect the sum of their individual rates 
of production and utilization by the body tis- 
sues Many of these processes are strongly in- 
fluenced by insulin and glucagon (see chapt 10 
through 13) Inasmuch as the secretion of m- 
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suim and glucagon is m turn affected by the 
level of circulating glucose and ammo acids 
(and possibly ketone bodies), the dominant 
pattern of regulation appears to be of the feed- 
back type This is now well-documented m the 
case of regulation of plasma levels of glucose 
and a similar pattern for regulation of plasma 
ammo acid levels is now beginning to emerge 
Glucose Regulation. Blood glucose is main- 
tained within reasonably narrow limits under a 
wide variety of metabolic conditions and, even 
with prolonged fasting, values seldom fall 
below 60 mg /lOO ml of blood This regulation 
requires the coordinated control of metabolic 
processes in many tissues m order to balance 
glucose utilization against glucose production 
Many tissues, such as skeletal muscle, brain, 
heart, and adipose tissue consume sizeable 
quantities of glucose, but only the liver is ca- 
pable of releasing sufficient amounts into the 
circulation during the postabsorptive period to 
balance the rates of utilization The vital role 
of the liver as a source of glucose was shown 
several years ago by Mann and Magath (1924) 
who studied the effects of hepatectomy m dog 
Removal of the liver resulted in hypoglycemia 
which invariably proves fatal unless glucose is 
administered Although glucose is stored in the 
form of glycogen in muscle, absence of glucose- 
6-phosphatase prevents its release as free glu- 
cose into blood The solution to this impasse is 
conversion of glucose to lactate by glycolysis in 
muscle, but in the absence of liver, there is 
httle reconversion of the lactate to glucose, a 
process known as gluconeogenesis While the 
kidney possesses the enzymes that are required 
for gluconeogenesis, the quantitative capacity 
is not sufficient to maintain normal glucose 
levels in the absence of liver 
The two major pathways of glucose forma- 
tion m liver, viz , glycogenolysis and gluconeo- 
genesis, are regulated by insulin When rates of 
glucose formation are increased by agents such 
as glucagon or epinephrine, which increase 
tissue levels of cychc AMP, the addition of 
insulin exerts a strong inhibitory effect on glu- 
cose formation and release from the liver, pre- 
sumably by its effect to reduce tissue levels of 
cyclic AMP (chap 12) In addition to these 
hormonal factors, blood glucose itself strongly 
inhibits hepatic glucose release and stimulates 
its uptake by effects which are exerted pre- 
dominantly on glycogen metabolism Attempts 
to demonstrate effects of msulm on hepatic 


glucose production m vivo ha\e been only par- 
tially successful due to the fact that an effect 
of insulin to reduce glucose output may be 
masked b> an opposite effect of the hypogly- 
cemia to increase glucose output (deBodo et 
al , 1963) Since the effect of msulm to lower 
blood glucose can be attributed to stimulation 
of glucose uptake by muscle and adipose tis- 
sue, the role of the liver m glucose regulation 
was not readily recognized Direct measure- 
ments of hepatic glucose output during msulm 
hypoglycemia generally have shown that 
output remains unchanged If, howe\er, glu- 
cose IS administered with msulm m amounts 
sufficient to prevent the hypoglycemia, hepatic 
glucose output IS significantly reduced One 
may deduce from these findings that the 
failure of the liver to alter glucose release 
during insulm-mduced hypoglycemia repre- 
sents a very strong effect of msulm to restrain 
glucose output By contrast, the effect of 
agents such as phlondzm, which can reduce 
blood glucose by blocking the reabsorption of 
glucose m the renal tubule, evokes a large in- 
crease in hepatic glucose output An acute de- 
ficiency of insulin produced in the rat by ad- 
ministration of anti-msuim serum or manno- 
heptulose is associated with an immediate in- 
crease m hepatic glucose release and a rise m 
blood glucose which reaches a new steady 
state In this situation, reduction in circulating 
insulin will not reduce the actual uptake of 
glucose by muscle and other peripheral tissues 
since the level of glucose also increases Thus, 
the upward or downward adjustment m the 
level of insulin results m significant changes in 
the steady -state levels of blood glucose with 
only temporary alterations m glucose utiliza- 
tion and production 

In the human, as opposed to the rat liver, 
glycogen is comparatively stable and is not 
depleted readily for glucose production during 
the postabsorptive period Most of the glucose 
that IS produced by liver under these condi- 
tions is derived by gluconeogenesis (see chap 
12) Approximately 20% of the glucose which is 
produced in this way is synthesized from lac- 
tate derived by glycolysis m the red cell, skel- 
etal muscle, and other tissues This fraction 
may be thought of as a pool of carbon which is 
continuously recycled through the glycolytic 
and gluconeogenic pathways However, a major 
fraction of the glucose that is released is oxi- 
dized to CO 2 or utilized for lipogenesis and 
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other synthetic reactions Since this carbon 
cannot reappear as glucose, it must be re- 
placed by carbon from other sources Ammo 
acids from the breakdown of tissue protein 
contributes the largest fraction of carbon for 
gluconeogenesis, glycerol derived from the 
hydrolysis of esterified fatty acids also makes a 
Significant contribution During the immediate 
postabsorptive period and during short periods 
of fasting, the brain is known to subsist en- 
tirely on glucose as a source of fuel By con- 
trast, such tissues as muscle oxidize fatty acids 
and ketone bodies m preference to glucose 
Thus, there appears to be an absolute require- 
ment for new glucose synthesis based on the 
metabolic needs of the central nervous system 
During prolonged fasting, the brain can oxidize 
ketone bodies that are derived from the break- 
down of fatty acids (Cahill et al , 1970) This 
slower adaptive response provides an addi- 
tional safeguard agamst the ultimate depletion 
of gluconeogenic reserve 

The necessity for restocking carbon stores 
presents itself at intervals and is signaled by 
the awareness of hunger The metabolic events 
leading to the repletion of stores are initiated 
by the ingestion of food Insulin secretion in- 
creases in response to the rise in blood glucose 
and possibly also to the increased elaboration 
of intestinal hormones, such as enteroglucagon 
and pancreozymin With increased rates of 
msulin secretion and absorption of glucose and 
amino acids, levels of glycogen and protein 
increase to replace deficits that were incurred 
during the previous postabsorptive period The 
largest changes in carbon stores per unit of 
organ weight occur in liver, corresponding 
changes m skeletal muscle are far smaller by 
comparison At the same time, fat stores m 
adipose tissue are repleted The extent to 
which the glycogen deposition is the result of 
diminished rates of glycogenolysis as opposed 
to the stimulation of glycogen synthesis is not 
established with certamty, but it is likely that 
both mechanisms operate Insulin has been 
shown to stimulate glycogen synthesis in liver 
of alloxan diabetic rats (Steiner and King, 
1964) Recent studies indicate that acetyl- 
choline or electrical stimulation of the vagus 
nerve may also potentiate glycogen synthesis 
in rat liver and that this cholinergic effect may 
be of importance m the regeneration of fuel 
stores during feeding 

Amino Acids. The role of insulin in the 


c 


regulation of blood levels of ammo acids is not 
as well-documented as m the case of glucose 
Certain features, however, are now emerging 
which suggest that a similar type of control 
exists It has long been known that the injec- 
tion of insulin will promptly decrease blood 
ammo acid levels m vivo Such an effect could 
be mediated by one or more of the following 
possible responses to insulin which have been 
demonstrated experimentally in isolated tis- 
sues 1 ) mcreased membrane transport of cer- 
tain ammo acids m muscle, 2 ) mcreased incor- 
poration of ammo acids into muscle, and pos- 
sibly liver protein, and 3 ) decreased proteol- 
ysis m liver and muscle Ammo acids as well 
as insulin appear to exert any inhibitory effect 
on proteolysis in the liver and muscle, m addi- 
tion to potentiating protein synthesis In 
studies with the isolated perfused liver, net 
changes in liver protein breakdown can be fol- 
lowed by the release of valine since the latter 
is not metabolized significantly by liver Some 
inhibitory effects of infused insulin and ammo 
acids on net valine release under these condi- 
tions are shown m Figure 7 70 Since ammo 
acids have been shown to stimulate insulin 
secretion m the isolated pancreas or m vivo 



Fig 7 70 Effects of insulin and ammo acid infusions 
on the accumulation of extracellular valine during perfu- 
sion of livers from nonfasted rats weighing about 125 g 
Insulin and an ammo acid mixture containing glutamic acid 
lysine histidine arginine aspartic acid glycine prolme, 
alanine serine cysteine methionine threonine phenyl- 
alanine and tryptophan were infused as indicated (From 
Mortimore 1971 ) 



Chapter 7 


Consrof of v^e ^s'ets 7-85 


when administered either orally or intrave- 
nously, there is a strong possibility that blood 
ammo acid levels are regulated by a feedback 
mechanism analogous to that previously de- 
scribed for glucose Much work remains to be 
done before such a possibility is established, 
but the need for ammo acid regulation is 
clearly evident from the point of view of pro- 
viding steady-state concentrations of free 
ammo acids for protein synthesis and gluco- 
neogenesis during the postabsorptive state 

GLUCAGON 

The action of glucagon on the regulation of 
circulating substrates is limited mainly to the 
liver where it is known to exert strong effects 
to promote glycogenolysis (and to inhibit gly- 
cogen synthesis), gluconeogenesis, lipolysis, 
and ureogenesis We have mentioned earlier its 
potentiating effect on insulin secretion by the 
j^-cell Glucagon is known to stimulate lipol- 
ysis in adipose tissue, but the physiological 
importance of this effect is still a matter of 
debate (see chap 11) As far as it is known, 
glucagon exerts no effects in skeletal muscle, 
although it IS capable of promoting glycogenol- 
ysis in the heart where it also exerts a strong 
inotropic effect 

In liver all of the known effects of glucagon 
can be attributed to its primary action m stim- 
ulating the biosynthesis of cyclic AMP Under 
the influence of glucagon, processes concerned 
with glucose formation are accelerated, thus 
increasing rates of glucose output by the liver 
In some avian and amphibian species, glu- 
cagon appears to be a dominant factor in glu- 
cose regulation and pancreatectomy in these 
animals results in hypoglycemia rather than 
hyperglycemia In mammals, however, the 
stimulatory effects of glucagon (and catecho- 
lamines) are normally suppressed by insulin 
Studies employing the isolated perfused rat 
liver, a preparation which is devoid of most 
extrinsic influences, indicate that some contin- 
uous stimulation of glucose release by glucagon 
or catecholamines is required for insulin to 
exert its inhibitory effects (Fig 7 71) The 
present view is consistent with the notion that 
insulin (and glucose) are responsible for much 
of the moment-to-moment regulation of glu- 
cose output by the liver, the magnitude of this 
regulation, however, is set by a more “tonic” 
influence of glucagon or other agents to main- 
tain adequate levels of tissue cyclic AMP This 
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Fig 7 71 Effect of insulin on hepatic glucose pro 
duction Livers were obtained from nonfasted rats All 
additions were made by infusion into the medium after 
a 60-min period of equilibration (Modified from Glinsmann 
and Mortimore 1968) 

notion IS also compatible with what is pres- 
ently known of the regulation of insulin and 
glucagon secretion Thus, while insulin secre- 
tion IS sensitive to small fluctuations m blood 
glucose, glucagon levels are comparatively 
stable and are affected only by more extensi\e 
deviations in glucose concentration 

Glucagon is also a potent stimulator of ureo- 
genesis, an effect which has been demon- 
strated both in vivo and in vitro The effect is 
closely linked with the stimulation of gluco- 
neogenesis and increased ammo acid oxidation 
(chap 12) Net protein breakdown in li\er is 
also increased by glucagon but it is not known 
whether the effect is primarily to stimulate 
proteolysis or to inhibit protein synthesis 
With regard to the interaction between insulin 
and glucagon on regulation of ammo acid me- 
tabolism, it is clear that, m contrast to the 
regulation of glucose, insulin is able to inhibit 
the release of ammo acids from liver m vitro m 
the absence of any added glucagon 

Physiological Aspects of 
Insulin Deficiency 

INSULIN ANTAGONISTS 
There are a number of factors of physiolog- 
ical importance whose actions, in general, are 
opposite to those of insulin One of these, glu- 
cagon, has been discussed, the others, epineph- 
rine, glucocorticoids, growth hormone, and 
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latty acids, are discussed below Normally, 
the effects of these agents are well-integrated 
with those of insulin However, when one or 
more of these antagonists is greatly increased 
or decreased m amount, then the effective- 
ness of insulin will be decreased or increased 
accordingly, giving rise to significant altera- 
tions m metabolic regulation 

Eplneplirine. Epinephrine, by its action to 
increase cyclic AMP, is similar to glucagon Its 
effects are more widespread, however, and m 
addition to liver, tissues such as muscle and 
adipose tissue are highly responsive Of all the 
known physiological antagonists, it is perhaps 
the most rapidly acting In fight-or- flight re- 
sponses, the release of epinephrine or related 
catecholamines into plasma or at nerve-end- 
ings promotes rapid glycogenolysis m liver and 
muscle and stimulates lipolysis in adipose 
tissue and gluconeogenesis in liver Owing to 
the increased levels of fatty acids in plasma, 
glucose utilization in muscle and other periph- 
eral tissues will be reduced Blood glucose in- 
creases rapidly, presumably to ensure adequate 
energy-yielding substrate for use by the central 
nervous system, the rise in free fatty acids 
provides an abundant source of fuel for oxida- 
tive processes in muscle 
Glucocorticoids. Adrenal cortical steroids, 
such as cortisol, are potent catabolic agents 
which exert widespread effects in nearly all 
tissues of the body They play important roles 
in promoting lipolysis and gluconeogenesis and 
m the latter process, for example, steroids are 
responsible for the maintenance of much of the 
enzyme machinery in the liver In fact, the 
stimulating effect of glucagon on gluconeogen- 
esis cannot be expressed in the absence of 
glucocorticoids (chap 12) In adrenal cortical 
msufficiency, the ability of the liver to mobi- 
lize glucose during fasting is limited, a situa- 
tion which may lead to fatal hypoglycemia 
The opposite extreme is seen in instances of 
chronic glucocorticoid excess, where excessive 
rates of proteolysis and gluconeogenesis lead to 
nitrogen depletion Since insulin is relatively 
ineffective in restraining these alterations, 
overproduction of glucose coupled with its de- 
creased utilization in ,systemic tissues gives 
rise to moderate hyperglycemia The pan- 
creatic islets \yill be stimulated to secrete in- 
sulin in excessive amounts In patients with 
early diabetes the secretory capacity of the is- 


lets is limited and severe clinical diabetes ma> 

result 

Growth Hormone In addition to anabolic 
activity, growth hormone has long been known 
to be diabetogenic (chap 13) The acute meta- 
bolic effects of growth hormone simulate those 
of insulin, but they are transient and the con- 
tinued administration of this agent, experi- 
mentally, has been shown to produce hypergly- 
cemia, degenerative changes in the /3-cells of 
the pancreatic islets, and eventually perma- 
nent diabetes in some mammalian species 
The initial hyperglycemia is associated with 
striking increases in plasma insulin, a fact 
which suggests that part of the diabetogenic 
mechanism of growth hormone may involve 
the antagonism of insulin at effector sites in 
peripheral tissues, a situation which could 
bring about a chronic overproduction of insulin 
and eventual exhaustion of the (5-cell There is 
also evidence that growth hormone may stimu- 
late hypersecretion of the ^-cell directly The 
marked amelioration of diabetes produced by 
hypophysectomy that was first described by 
Houssay and Biasotti (1931) can be attributed 
in part to the loss of this growth hormone ef- 
fect The loss of adrenocorticotrophic hormone 
(ACTH) and diminished secretion of glucocor- 
ticoids also contribute to the amelioration 

Effect of Fatty Acids. Fatty acids and ke- 
tone bodies are known to be utilized by skel- 
etal muscle and heart in preference to glucose 
as an oxidizable substrate (chap 10) In situa- 
tions where lipolysis is accelerated, fatty acid 
levels in plasma are increased and cates of glu- 
cose phosphorylation m muscle will decrease 
Thus, the effectiveness of insulin m regulating 
glucose utilization will be diminished This 
fatty acid effect is thought to account m part 
for the glucose intolerance and insulin resist- 
ance seen in fasting and certain forms of dia- 
betes where the breakdown of fat stores is a 
dominant feature Whether or not it accounts 
for the insulin resistance seen in obesity has 
not been established 

Antagonism by Insulin-Bmding Anti- 
bodies. Insulin resistance from the develop- 
ment of msulin-bmdmg antibodies is not in- 
frequently encountered in diabetic patients 
taking insulin Antibodies develop in response 
to the injection of foreign protein, m this case 
from another mammalian species, and the ef- 
fect is to inactive large quantities of the m- 
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jected insulin Treatment involves changing to 
an insulin preparation from an animal source 
which does not cross-react immunologically 


DIABETES MELLITUS 
(Camenni-Davalos and Cole 1970) 

In the majority of instances the cause of this 
disorder is a genetic defect in insulin secretion 
by the /?-cell The expression of this defect 
ranges from minimal in the case of pre- or 
early diabetes to an absolute insulin deficiency 
seen m severe juvenile diabetes In most cases 
of clinically recognized diabetes, the defect 
falls somewhere between the two extremes and 
the metabolic consequences are of moderate 
seventy Since under normal conditions the 
amount of insulin secreted by the /3-cell repre- 
sents only a small fraction of its maximal se- 
cretory capacity, diabetes is not ordinarily 
manifested until most of the secretory reserve 
is lost It should be emphasized, however, that 
when insulin antagonists are present, as with 
stress-induced glucocorticoid secretion, the 
need for insulin may exceed the existing secre- 
tory capacity and the metabolic consequences 
of severe insulin lack will often appear 

The question has been raised as to whether 
certain forms of maturity-onset diabetes, often 
associated with obesity, are primarily the re- 
sult of an acquired resistance to insulin since 
in some instances plasma insulin values have 
been found to be increased and the insulin 
response to oral glucose exaggerated More 
recent studies, however, indicate that the in- 
crease in insulin resistance associated with 
obesity is not directly linked with an inher- 
ent defect in the ability of the B-cell to secrete 
insulin Thus, while the insulin resistance asso- 
ciated with obesity may act like growth hor- 
mone or fatty acids in antagonizing the effects 
of insulin, the phenomenon may or may not be 
associated with a genetic defect m insulin se- 
cretion 


EFFECTS OF ABSOLUTE 
INSULIN DEFICIENCY- 
KETOACIDOSIS 

With the complete loss of insulin effective- 
ness, a senes of metabolic derangements takes 
place which eventuall> lead to ketoacidosis 
Since the forces which stimulate iipol>sis and 
gluconeogenesis are unrestrained m the ab- 
sence of insulin, the rates of these processes 
will rapidly increase, resulting in high le\els of 
glucose and free fatty acids in plasma The 
breakdown of protein m ii\er and muscle will 
increase, thus providing a steady source of 
carbon for gluconeogenesis Since the quantity 
of free fatty acids presented to the liver will 
greatly exceed and capacity of liver to oxidize 
these substrates to CO 2 , fatty acid oxidation 
will proceed only through /3-oxidation and the 
partially oxidized products will accumulate as 
ketone bodies, /3-OH-butyric acid, acetoacetic 
acid, and acetone These will spill into the 
blood where the concentrations may reach 
values as high as 90 mg /IQO ml of plasma 
Since /3-OH-butync and acetoacetic acids are 
moderately strong, blood pH will drop and a 
state of metabolic acidosis will ensue Owing 
to the extreme hyperglycemia which may 
reach values as high as 400 to 800 mg /lOO ml 
of blood, glycosuria is pronounced and will 
continue as long as there is sufficient gluconeo- 
genic reserve If the metabolic defect is not 
corrected by the administration of insulin, fur- 
ther complications, largely of renal origin, will 
appear Owing to the excretion of large vol- 
umes of water which accompanies the glucose, 
dehydration develops and with the loss of fixed 
base in the form of Na+ and K"^, the acidosis 
becomes even more severe In an attempt to 
compensate for the acidosis, respiration be- 
comes rapid and deep (Kussmaul breathing) 
and the kidney, m an effort to conserve the 
fixed base, will excrete ammonia With further 
dehydration, decreased plasma volume, pe- 
ripheral circulatory failure, and coma termi- 
nated by death are the usual sequence of 
events 
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Members of our society are taught from 
early years to distinguish men from women, 
however, sex identification is a comprehensive 
concept implying more than gender recogni- 
tion Sexual differentiation begins at the time 
of fertilization and continues into early adult 
life This is a complex process which is influ- 
enced independently by genetic, hormonal, 
and behavioral determinants When we speak 
of the sex of an individual we mean the com- 
posite of the chromosomal sex, gonadal sex, 
genital sex, and psychological sex In this 
chapter the development and interrelation of 
each of these parameters are discussed 

GENETIC CHROMOSOMAL 
OR NUCLEAR SEX 

Genetic sex is determined at the time of 
fertilization when the spermatozoon and ovum 
unite and depends upon which sex chromo- 
some is present in the sperm cell All extra- 
gonadal cells m the human contain 23 pairs of 
chromosomes (22 pairs of autosomes and 1 pair 
of sex chromosomes) In the male the sex chro- 
mosomes are X and Y, whereas in the female 
there are two X chromosomes During the 
process of ova and sperm development germ 
cells divide by a process called myosis so that 
pairs of chromosomes are split between two 
daughter cells As a result each gamete con- 
tains 22 autosomes and 1 sex chromosome In 
the testis myosis produces sperm which con- 
tain X and others containing Y chromosomes 
Ova, however, contain only X chromosomes 
At the time of fertilization the sex of the re- 
sulting zygote will be determined by the sex 
chromosome carried by the fertilizing sperm If 
an ovum is fertilized by a sperm bearing an X 
chromosome, then the combination XX results 
and a female develops On the other hand, if 
the fertilizing sperm bears a Y chromosome, 
then the XY combination produces a male 

In recent years techniques have been devel- 
oped for examining human chromosomes Cells 


in metaphase are spread and the chromosomes 
are stained for counting or photography and 
mounting A systematized array of chromo- 
somes from a single cell is called a karyotype 
(Figs 7 72 and 7 73) The meaning of this term 
is usually extended to imply that the chromo- 
somal pattern of the cells examined are typical 
of all the cells of the individual To accuratel} 
determine the karyotype, however, one must 
characterize the chromosomes from several tis- 
sues and at least 100 metaphase cells from 
each tissue should be counted The karyotype 
of a normal woman designated 46, XX (Fig 
7 72) and that of a normal male 46, XY (Fig 
7 73) 

Biologic function of the sex chromosomes 
has been inferred from the examination of pa- 
tients with an abnormal number of sex chro 
mosomes In individuals with an XXY (Ford 
et al , 1959), or an XXXXY (Barr et al , 1963) 
complement of sex chromosomes, testes de- 
velop indicating that the Y chromosome car- 
ries strong male-determining genes which can 
induce fetal testicular development even m the 
presence of two or more X chromosomes 
Without a Y chromosome testicular develop- 
ment does not usually occur Only a few genes 
which influence extragonadal structures have 
been identified on the Y chromosome 

The biologic functions of the X chromo- 
somes are more diverse (Moore, 1966) The 
requirement for a pair of X chromosomes for 
ovarian differentiation is suggested by the fact 
that ovaries do not develop in women with an 
unpaired X chromosome (Turner’s Syndrome, 
45, XO) In contrast to the Y chromosome, 
which IS mainly concerned with sex differen- 
tiation, the X chromosome contains genes 
which influence the differentiation of a wide 
variety of extragonadal characteristics 

Sex Chromatin (Nuclear Sex). Since the 
chromosomal composition of the male differs 
from that of the female, it was not surprising 
that Barr and Bertram (1949) observed a mor- 
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Fig 7 72 Karyotype of blood lymphocytes from a woman The pair of X chromostmes is placed at the left hand 
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phologic difference in nuclei from male and 
female animals The difference between the 
male and the female lies m a special mass of 
chromatin (sex chromatin or Barr body) in the 
female The sex chromatin is typically a plano- 
convex mass about 1 p m diameter which 
stains positively for deoxyribonucleic acid 
(DNA) and which lies close or in contact with 
the nuclear membrane (Fig 7 74) It is now 
generally accepted that the sex chromatin is 
comprised of one of the X chromosomes which 
remains genetically inactive during interphase 
Chromatin positive cells which contain two X 
chromosomes (46, XX, 47, XXY) have a single 
Barr body, whereas those with more than two 
X chromosomes may have two chromatin 
bodies It follows, therefore, that the number of 
chromatin bodies in any diploid nucleus is one 
less than the total number of X chromosomes 
(Mittwoch, 1964) 

GONADAL SEX 

Until the 5th or 6th week of embryonic life 
the gonad in both sexes develops m an iden- 
tical fashion with the potential to develop into 
either a testis or an ovary (Grumbach and 
Barr, 1958) At the 6th week the embryonic 
gonads appear as ridges or|j either side of the 
dorsal mesentery immediately adjacent to the 
developing adrenal gland The outer layer or 
cortex is comprised of coelomic epithelial cells 
into which the primary germ cells migrate 
from the endoderm of the yoke sac The inner 
or medullary portion of the indifferent gonad is 
comprised of stromal mesenchyme which sur- 
rounds cords of epithelial cells (primary sex 
cords) which are derived from the overlying 
coelomic endothelium If the indifferent gonad 


is to become a testis due to the presence of Y 
chromosomes a marked proliferation of the 
primary sex cords occurs m the medulla about 
the 7th week of fetal life Primary germ cells 
migrate from the cortical area and are incorpo- 
rated into the de\ eloping seminiferous tubules 
About the 8th week Le>dig cells appear m the 
medullary mesenchyme and their function 
assures subsequent male differentiation of the 
genital ducts and external genitalia As testicu- 
lar differentiation proceeds the medulla of the 
testis progressiveK enlarges and the cortex re- 
gresses In the mature testis the onl> reminant 
of the embryonic cortex is the tunica vaginalis 

Differentiation of the mdifterent gonad into 
an ovary occurs at about 9 weeks of fetal life 
It IS of interest to note that primary germ ceils 
of a fetus wuth a 46, XX karyotype have a sex 
chromatin body (inactive X chromosome! prior 
to their migration into a genital ridge Once in- 
side the embryonic gonad, however, the sex 
chromatin body is lost, suggesting that both X 
chromosomes m the pnmoidial germ cell are 
active (Witschi, 1957) As noted above, two 
active X chromosomes are believed to be nec- 
essary for differentiation of an ovar> In the de- 
veloping ovary the embryonic cortex prolifer- 
ates to form the major portion of this gonad 
The medulla regresses and forms the hilum of 
the mature ovary 

From these observations it is apparent that 
the gonadal sex is to a large extent determined 
by the chromosomal sex and in most instances 
both are the same By contrast, genital sex and 
secondary sexual characteristics are hormo- 
nally determined and can easil> be made in- 
consistent with the genetic sex by treatment 
with sex steroids 



Fig 7 74 Nuclei of cells in the epidermal spinus layer of a genetic female (left) and a genetic male (right) The sex 
chromatin bodies are indicated by arrows in the female (From Grumbach and Barr 1958) 
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GENITAL SEX 

Differentiation of the Genital Ducts. At 
the 7th week of embryonic life the fetus con- 
tains primordia of the genital duct systems for 
both the male (Wolffian ducts) and the female 
(Mullerian ducts) If a male develops, the 
Wolffian duct system will give rise to the epi- 
didymis, vas deferens, seminal vesicles, and 
the ejaculatory duct, whereas, in the female 
the Mullerian ducts serve as the anlage of the 
Fallopian tubes and uterus During the 3rd 
month of fetal life either the Mullerian or the 
Wolffian ducts complete their differentiation 
while the others regress 

The mechanism whereby one set of ducts 
dominates over the other to form the internal 
genitalia of the developing embryo was demon- 


strated in a senes of experiments by Jost 
(1953) In these studies embryonic rabbits were 
either gonadectomized or treated with steroids 
in utero and the subsequent effect upon 
Mullerian and Wolffian development ob- 
served The results of these studies are sche- 
matically summarized m Figure 7 75 In the 
presence of a testes Wolffian structures de- 
velop and Mullerian structures regress (Fig 
7 75A, B, C) The development of normal 
Mullerian structures is not dependent upon 
the ovary since this ductal system differenti- 
ates m both the castrate female and male even 
if the castration is unilateral (Fig 7 75A E) 
Transplantation of a testis into the female ad- 
jacent to the ovary results in unilateral 
Wolffian differentiation associated with 
Mullerian regression on the side of the trans- 
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Fig 7 75 Schematic summary of Wolffian and Mullerian development in rabbit embryos {Jost, 1953} Ovanes 
and Mullerian structures are indicated by open figures and the Wolffian structures by the shaded areas 
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plant (Fig 7 75-F) B> contrast testosterone 
treatment of the female resulted in onl\ 
Wolffian de\elopment (Fig 7 75G) From these 
obser\ations the hormonal control of gonaduct 
differentiation can be summarized as follows 

1) Testosterone stimulates Wolffian devel- 
opment and without the influence of this 
steroid this ductal system regresses 

2) Mullerian duct system develops normallv 
in the absence of a hormonal stimulus from 
either gonad but regression of this ductal 
system is due to a nonandrogenic hormonal 
product from the testis 

Di^erentiation of the External Genitalia 
The external genitalia of both sexes are iden- 
tical up until the end of the 8th fetal week and 
have the potential to differentiate into the or- 
gans of either sex At this stage the major 
components of the external genitalia are the 
genital tubercle, urethral folds, urogenital slit, 
and labioscrotal swelling (Fig 7 76) Under the 
influence of testosterone from the fetal testes 
(or from exogenous administration) male dif- 
ferentiation of the external genitalia occurs 
The genital tubercle forms the penis, t he uro- 
genital foldsTTh e penile urethra, and the labio- 
scrotal swellings, the scrotum In the absenc? 
of androgens female differentiation of fHe”ex- 
ternal genitalia proceeds w^BThe development 
of a clitori s. labia minoria. and labia majora 
The structure whicF'Hevelop' from the indif- 
ferent genital primoidia in the presence and m 
the absence of androgens are summarized m 
Table 7 9 It is significant that the androgen 
dependent differentiation of the external geni- 
talia can only occur during fetal life Even 
though the female structures are not hormone 
dependent, once the vagina and labia have 
developed they cannot be differentiated into 
analogous male structures even if exposed to 
very large quantities of androgens 
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Fig 7 76 Differentiation of male and female external 
genitalia fronn indi fferent primordia Male aifferentia 
tion occurs only in the"^ presence of androg enic stTmiFCtTon 
during the first 12 weeks of fetal life (FroTiUVarrWyK 
and (jrumbach 196^1 — ~ 

Hypothalamic Differentiation Even 
though the central nervous system is anatomi- 
cally remote from the external genitalia, the 
differentiation of both of these structures is 
similar since both require fetal androgen expo- 
sure if a masculine pattern of development is 
to occur In the adult female, pituitary gonado- 
tropins are released in a cyclic fashion In the 
mature male, gonadotropins are secreted in 
relatively constant rates even when an ovar> is 
transplanted into an orchiectomized host 


Table 7 9 

Differentiation of the external genitalia from indifferent primordia 


Primordial Structure 

Structures Which Develop with 
Androgen Exposure 

Structures WTiich Develop 
without Androgen 
Exposure 

Genital tubercle 

Penis 

Clitoris 

Urethral folds 

Corpus spongiosum (penile urethra) 

Labia mmora 

Labioscrotal swellings 

Scrotum 

Labia majora 

Urogenital sinus 

Prostatic utricle 

Lower - 1 of vagina 


Bulbourethral glands 

Skene’s glands 
Bartholin’s glands 
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Androgen treatment of female rat fetuses ei- 
ther in utero or in the early neonatal period 
results in a noncyclic pattern of gonadotropin 
secretion after puberty even in the presence of 
a functioning ovary. From these observations it 
is apparent that in the absence of fetal andro- 
gens, the hypothalamus develops a cyclic 
center for gonadotropin release, whereas fetal 
androgen exposure produces a noncyclic center 
(Barraclough, 1966). Another way that the de- 
velopment of the hypothalamus is similar to 
that of external genitalia is that only a brief 
androgen exposure is required to effect an irre- 
versible change. 

Psychological Sex or Gender Role. Gender 
is selected at birth in accord with the apparent 
genital sex. This becomes the legal sex and 
also sets the behavioral patterns which stimu- 
late psychosexual identification of the indi- 
vidual with others in society. Prior to the age 
of 2 years a child can identify either as a male 
or a female. Psychosexual differentiation or 
gender role is established by sex orientation 
through dress, hair style, toilet habits, and by 
constant comparison with other children and 
adults. Through this exposure a child is con- 
tinually reminded of his gender and comes to 


identify with one of the sexes. From psycholog- 
ical studies of girls who were mistakenly raised 
as boys, and vice versa, it is now clear that 
gender role is established early in life and 
maintained even in the face of abnormal exter- 
nal genitalia and subsequent development of 
secondary sexual characteristics which are op- 
posite to those of the identified sex (Hampson 
and Hampson, 1961). There is little evidence 
to suggest that gender role is an inherent char- 
acteristic of the fetus or that it is established 
by a direct hormone action on the central 
nervous system similar to that responsible for 
differentiation of the gonadotropin release cen- 
ters. 

Secondary Sexual Characteristics. The 
secondary sexual characteristics are the last 
sexual features to develop in both sexes as they 
occur as a result of gonadal hormonal secretion 
at the time of puberty. In the female, estro- 
gens produce breast development and deposi- 
tioh^'of subcutaneous adipose tissue. By con- 
trast, in the male testicular testosterone secre- 
tion is responsible for increase in muscle mass, 
deepening of the voice, male hair pattern, and 
growth of internal and external genitalia. 
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The Testis 

The testis, like the ovary, has endocrine as 
well as reproductive hanctions The two major 
activities of the testis are segregated anatomi- 
cally with androgen biosynthesis occurring in 
the Leydig cells and spermatogenesis in the 
seminiferous tubules The anterior pituitary 
participates m the control of both of these 
functions through its secretion of gonadotro- 
pins (LH and FSH) The essential features of 
testicular function and its control by the ante- 
rior pituitary and hypothalamus are shown 
schematically in Figure 7 77 Although testos- 
terone secretion and spermatogenesis are inti- 
mately related, for convenience they are dis- 
cussed independently as a hypothalamo-pitui- 
tary-Leydig cell axis and a hypothalamo-pi- 
tuitary tubular axis 

HYPOTHALAMO-PITUITARY-LEYDIG CELL 
AXIS 

Luteinizing Hormone (LH) Luteinizing 
hormone derives its name from its function in 
the female where it facilitates ovulation and 
converts the ovulated follicle into a functional 
corpus luteum When this hormone was dis- 
covered in the male it was called interstitial 
cell-stimulating hormone (ICSH) because of its 
effect on testicular Leydig cells It is now rec- 
ognized that these two hormones are the same, 
and so the term “LH” is used in both sexes 
As noted in Chapter 2, LH is secreted from 
periodic acid Schiff (PAS) positive basophils 
in the anterior pituitary in response to in- 
creased secretion of LH-releasing factor (LRF) 
from the central nervous system LH is a glyco- 
protein with an approximate molecular weight 
of 30,000 This molecule contains mannose, 
hexosamme, and sialic acid Both the biologic 
activity and the structure of LH are similar to 


those of human chorionic gonadotropin (HCG) 
which IS a product of the trophoblasts of the 
human placenta 

Leydig Cells. The interstitial cells of Leydig 
are located m the connective tissue stroma of 
the testis between the seminiferous tubules 
These cells differentiate m the testis of the 7- 
week fetus Since Leydig ceils regress soon 
after birth it has been assumed that their ini- 
tial development resulted from gonadotropin 
stimulation HCG is probably the hormone 
responsible for fetal differentiation since func- 
tional Leydig cells occur in ancephaiic infants 
born without a pituitary (Villee, 1969) During 
the 1st month of neonatal life, Leydig cells 
revert to undifferentiated mesenchyme cells 
but appear once again at the time of pubert;^ 
as plasma LH levels increase The morphologic 
differentiation of Leydig cells m the fetus, in 
the puberal boy, or following stimulation with 
either exogenous LH or HCG correlates with 
androgen secretion (Lipsett et al , 1966) Dis- 
tinguishing morphologic characteristics of the 
functional Leydig cell in the human testis are 
abundant, smooth, endoplasmic reticulum 
which contains many of the enzymes necessary 
for steroid synthesis, lipochrome pigment, and 
crystalloids of Remecke 

Testicular Androgens. An androgen is a 
substance which stimulates growth of the pros- 
tate and seminal vesicles It is important to 
recognize tKaF this is a biologic and not a 
chemical definition Most potent androgens 
are steroids and several of these are shown m 
Figure 7 78 Extensive studies have demon- 
strated that testosterone is the most important 
androgen both m testicular tissue and m the 
spermatic venous plasma Androstenedione, a 
testosterone precursor (Fig 7 79), is also se- 
creted by the testis but it is a weak androgen 
Its only importance m men is as a plasma pre- 
cursor for estrogens Other testosterone precur- 
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Fig 7 77 Testicular function in man The hypothalamo- 
pituitary-Leydig cell axis is shown on the left with pitui- 
tary LH stimulating testosterone secretion The hypo- 
thalamo-pituitary tubular axis is shown on the right 
with FSH and testosterone stimulating spermatogenesis 
A factor from the seminiferous tubules (?) is believed to 
regulate FSH secretion 


sors such as 17-OH-progesterone (Fig 7 79) are 
secreted by the testis but their biologic func- 
tion, if any, is not known Mean blood levels 
urinary levels, and production rates of testos- 
terone and androstenedione in man are shown 
in Table 7 10 

The Leydig cells are the primary sites of tes 
tosterone synthesis and the testes secrete 95*^ 
of the testosterone in the blood of men (Lip- 
sett et al , 1968) In the Leydig cells, choles- 
terol IS synthesized from acetate as in other 
tissues of the body In addition, mitochondrial 
enzymes of these cells, like those of the adre- 
nal, ovary, and placenta, have the unique 
ability to cleave the cholesterol side chain to 
produce pregnenolone This C-21 steroid is 
subsequently converted to testosterone by sev- 
eral microsomal enzymes Some of the impor- 
tant steps of testicular androgen biosynthesis 
are shown in Figure 7 79 and are compared to 
steroid synthesis in the ovary 

Control of Testosterone Secretion. The 
rate of testosterone synthesis and secretion by 
the Leydig cells is dependent upon LH levels 
in the blood (Fig 7 77) Increased LH levels 
produce Leydig cell hyperplasia and increased 
testosterone secretion, whereas lowered LH 



Dehydroepiandrosterone Androsterone Etiocholanolone 

0 68 0 
(S^-hydroxyandrost- (3a; hydroxy-5a-andro- (3a; hydroxy-5/3-andro- 

-5en-17one) stan-17one) stan-17one) 

Fig* 7 78 Androgens and ketosteroids On the top line are the most important naturally occurring androgens The 
relative biologic potency of each is shown with testosterone having a potency of 100 Testosterone is metabolize m 
tracellularly to dihydrotestosterone and androstanediol On the bottom line are the relatively nonandrogenic 17 etc 
st^oids which are secreted by the adrenal Testosterone is also metabolized to ketosteroids 
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Androstenedione ® Androstenedione — > Estrone 

i I i 

Testosterone Testosterone ^ Estradiol 

TESTIS OVARY 

Fig 7 79 Steroid biosynthesis m the testis and the 
ovary Testosterone is the major secretory product of the 
testis The progesterone and estradiol are the major secre- 
tory products of the ovary 

which follows hypophysectomy is associated 
with virtual inactivity of testicular Leydig cells 
and reduced testosterone secretion Similarly, 
LH secretion by the anterior pituitary is recip- 
rocally controlled through the central nervous 
system by blood levels of testosterone A fail in 
testosterone concentration results in increased 
release of LRF into the hypophyseal portal 
system and subsequent discharge of LH into 
the general circulation In response to the rise 
m blood LH, the Leydig cells secrete testos- 
terone which, in turn, inhibits LRF and, as a 


In blood 75 to 85^ oi testosterone is bound to 
TeBG whereas 15 to 25''^ is looseK bound to 
albumin and 1 to 57 is uiiassociated with an\ 
plasma protein (Bardin and Mahoudeau, 1970) 
The studies of Vermeuien et al f 1969) demon- 
strate that m man the rate of testosterone 
metabolism correlates directly with the quan- 
tity of free plus albumm-bound testosterone It 
follows from these observations that the rate of 
androgen metabolism in donkey and rat are 
relatively high since these species lack TeBG 
Furthermore, these studies suggest that TeBG- 
bound testosterone is not readil> available lor 
in vivo metabolism It is possible that the tes- 
tosterone bound to TeBG is biologically inac- 
tive since target tissue metabolism uf this an- 
drogen is required for the expression of its bio- 
logic activity 

Metabolism of a steroid may be defined as 
the irreversible removal of that steroid from 
the blood WTien testosterone enters the cell it 
may be metabolized either 1) to a more active 
androgen which exerts its action on that cell or 
on a tissue in a remote part of the body, or 2 } 
to a less active androgen suitable for excretion 
either in the bile or urine (Fig 7 78) It is con- 
ceivable that both types of metabolism could 
occur in a sequential manner in the same cell 
In any event, irreversible removal from blood 

Table 7 10 

Testosterone androstenedione and ketosteroids in men 
prepuberal boys and women 


consequence, LH release (Fig 7 77) In this Men Boys Women 

manner the hypothalamus, the pituitary, and 

the Leydig cells form a functional axis which Testosterone" 

serves to maintain testosterone blood levels Plasma ng /lOO ml 700 40 40 

relatively constant from day-to-day and from Urinary excretion 70 4 4 

week-to-week (Lipsett et al , 1968) There is, ^ 

however, a slight diurnal variation in blood 

testosterone with the levels at 8 00 a m AndrostenSione» 

being 20% to 25% higher than at 8 00 P M Plasma ng /lOO ml 120 90 170 

Resko and Eik-Nes, 1966) Production rate 2 4 3 4 

Testosterone Transport and Metabolism. mg /day 

Steroids are organic compounds which are rel- Ketosteroids"* 

atively insoluble in aqueous solutions and as a Urinary excretion 12-18 2-4 8-15 

result they are transported m blood bound to nig /day 

plasma proteins Blood testosterone is bound 

with high affinity to testosterone-estradiol-^ “Testosterone, the most important blood an 
binding globulin (TeBG) (Mercier-Bodard et 


(Mercier-Bodard et '^'f^drostenedione, a relatively nonandrogemc tes- 
J , 1970) This IS a d globulin which is distinct precursor 

om cortisol-bindmg globulin (Fig 7 80), the y ^ Ketosteroids, a group of relatively nonandrogemc 
major transport protein for cortisol, corticos- /Steroids derived from adrenal secretion and testos- 
terone, progesterone, and other C-21 steroids. terone metabolism 
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Fig 7 80 Electrophoretic demonstration of testosterone-estradiol-binding globulin and cortisol-binding globulin 
(bottom chart) Radioactive testosterone estradiol and cortisol were incubated with 3 samples of human plasma which 
was electrophoresed on polyacrylamide gels The gels were sliced and counted The peaks indicate the mobilities of 
the specific steroid-bmding globulins The shaded bar indicates the mobility of albumin Under the conditions of the 
study steroid binding to albumin was not demonstrated 

IS accomplished in both instances by a change 
in steroid structure so that on re-entiy into the 
blood is as a steroid other than testosterone In 
the first instance the biologic activity of tes- 
tosterone IS amplified and this type of metabo- 


lism occurs in tissues which grow in response 
to androgens such as prostate and seminal ves- 
icles In the latter instance testosterone is 
metabolized to steroid sulfates and steroid 
glucuronides which are excreted from the 
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body This type of metabolism occurs pri- 
marily m the liver (Fig 7 78) (Liao and Fang, 
1969) 

The Biologic Actions of Androgens. Tes- 
tosterone and other androgens have some bio- 
logic action on virtually every tissue m the 
body Their more important functions are to 1 ) 
stimulate differentiation of Wolffian ducts, 
external genitalia, and the hypothalamus m 
the fetus, 2) produce linear body growth, ni- 
trogen retention, and muscular development m 
the adolescent, 3 ) stimulate the adult matura- 
tion of the external genitalia and accessory sex 
organs including the penis, scrotum, prostate, 
and seminal vesicles, 4 ) produce a low-pitched 
voice as a result of enlargement of the larynx 
and thickening of the vocal chords, 5) stimu- 
late beard, axillary and pubic hair growth and 
cause temporal hair recession and balding, and 
6) produce aggressive behavior and facilitate 
libido and sexual potentia In addition to these 
well-recognized physiologic responses, andro- 
gens stimulate or suppress selective proteins in 
many organs such as the liver, kidney, and the 
salivary glands 

Mechanism of Androgen Action. Although 
the exact mechanism of the action for any 
hormone is not completely understood, consid- 
erable advances have been made in the past 
several years toward elucidation of macromo- 
lecular events which occur within the cell 
when it interacts with a hormone Androgens 
are thought to act directly on the nucleus of 
the cell to stimulate replication of nuclear ri- 
bonucleic acid (RNA) and deoxyribonucleic 
acid (DNA). One line of evidence supporting a 
nuclear site of androgen action is derived from 
studies of intracellular steroid localization 
Following an intravenous injection of radioac- 
tive testosterone, labeled steroid is retained in 
the nuclei of androgen sensitive tissues such as 
prostate and seminal vesicles long after it is 
cleared from the blood (Bruchovsky and Wil- 
son, 1968) In these tissues testosterone is me- 
tabolized to dihydrotestosterone (Fig 7 78) 
which is bound to a nuclear receptor m the 
chromatin complex (Fang et al, 1969) The 
specificity of this receptor for dihydrotes- 
tosterone suggests that this steroid might be 
the intranuclear effector of testosterone action 
The ability of dihydrotestosterone, rather than 
testosterone, to enhance cytidine incorporation 
into nucleic acid of isolated prostatic nuclei 
further supports this contention (Bashirelahi et 


al , 1969) From these observations testos- 
terone action on the prostate may be initiated 
by the following sequence of events testos- 
terone enters the cell from the blood and is 
metabolized to dihydrotestosterone by 5-a- 
steroid reductase Dihydrotestosterone is then 
bound to a receptor which serves as a transport 
vehicle from the cytoplasm to the nucleus In 
the nucleus a steroid-receptor complex ampli- 
fies gene activity which results m increased 
nuclear RNA synthesis and eventually in- 
creased RNA directed protein synthesis (Liao 
and Fang, 1969) 

HYPOTHALAMO-PiTUITARY 
TUBULAR AXIS 

Follicle-Stimulating Hormone (FSH). 
FSH IS secreted from PAS-positive basophils 
m the anterior pituitary m response to in- 
creased secretion of FSH-releasmg hormone 
(FSH-RH) from the hypothalamus FSH is a 
glycoprotein with an approximate molecular 
weight of 30,0(X) Follicle-stimulatmg hormone, 
like LH, derives its name from its function on 
the ovary where it stimulates follicular matura- 
tion In the male, FSH stimulates spermato- 
genesis as evidenced by repair of seminiferous 
tubules during its administration to hypophy- 
sectomized animals It should be noted that the 
seminiferous tubular structure can also be 
maintained m hypophysectomized animals by 
large doses of testosterone provided that its 
administration is begun immediately after 
hypophysectomy Under physiologic condi- 
tions both FSH and testosterone are required 
for normal spermatogenesis (Stemberger, 
1971) 

Seminiferous Tubules. The major mass of 
the testis is comprised of tightly coiled semi- 
niferous tubules which may reach 70 cm m 
length The tubules are lined by spermatogonia 
which undergo mitotic division to give rise to 
the primary spermatocytes These cells mature 
through several stages and subsequently un- 
dergo reduction of meiotic division so that the 
resulting spermatids contain 23 rather than 46 
chromosomes The spermatids are found near 
the lumen of the tubule and are transformed 
without further division into free spermatozoa 
(Fig 7 81) Approximately 74 days are required 
for conversion of a relatively undifferentiated 
spermatogonium into a highly specialized 
sperm cell which possesses several enzyme sys- 
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Fig 7 81 Drawings illustrating the mam steps of spermatogenesis in man Spermatogenesis starts at the botton 
left with the dark type A spermatogonium iAd) considered as the stem cell and terminates with the step d (Sdz) 
spermatid or spermatozoon at the top right In sequence the other elements ane Ap pole type A spermatogium B 
type B spermatogium R resting (or preleptotene) spermatocytes L leptotene spermatocyte Z zygotene spermato 
cyte P pachytene spermatocyte // secondary spermatocyte Sa Sb^ Sb 2 Sc Sd^ spermatids at various steps of 
sperm logenesis (From Heller and Clermont 1964) 


terns that are required for penetration of the 
ovum (Heller and Clearmont, 1964) 

The structure of the tubule is unique in that 
the spermatogonia are the only germinal cells 
which are in contact with the basement mem- 
brane The sustentacular cells of Sertoli also 
he on the basement membrane of the tubules 
and these cells send out tentacles through the 
germinal epithelium so that each germinal cell 
is surrounded by Sertoli cell cytoplasm This 
anatomical arrangement has led to the conclu- 


sion that Sertoli cells nourish the germ cells as 
they move away from the basement membrane 
toward the lumen of the tubule The observa- 
tion that some Sertoli cell tumors secrete es- 
trogens has led to the conclusion that the 
normal Sertoli cell has a similar endocrine 
function There is little evidence, however, to 
support this conclusion m man 

Control of FSH Secretion. Plasma FSH 
levels rise in men following orchiectomy indi- 
cating that a hormonal function from the testis 
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cycle are centered on the midcycle LH peak {day 0) 
Basal body temperatures (BBT) are shown on the top 
line Plasma levels of lutenizing hormone (LH) and follicle- 
stimulating hormone (FSH) are shown on the bottom 
two lines Gonadal steroid levels (estradiol estrone 17- 
hydroxyprogesterone and progesterone) are shown in 
the center Days of menstrual bleeding are indicated 
by M (Redrawn from Ross et al 1970 and Koreman 
etal 1970) 

less than that of estradiol Some important 
steroidal and nonsteroidal estrogens are shown 
m Figure 7 83. The important biologic activi- 
ties of estrogen include: 1) stimulation of 
growth of both the myometrium and endome- 
trium, 2) maintenance of a thick vaginal mu- 
cosa and indirectly the acidic vaginal pH, 3) 
stimulation of cervical glands to secrete co- 
pious quantities of viscous mucous, 4) stimula- 
tion of breast growth and development, 5) 
deposition of subcutaneous fat which results in 
a characteristic feminine habitus, 6) sensitiza- 
tion of the ovaries to gonadotropins, and 7) 


retardation of linear body growth in associa- 
tion with facilitation of epiphyseal closure 

Estradiol and estrone are synthesized m the 
ovary from steroids with 19 carbon atoms The 
biosynthetic pathway up to the point of an- 
drostenedione and testosterone is essentially 
the same as that in the testis (Fig 7 79) In the 
final series of reactions the steroid A ring is 
aromatized with the loss of one methyl group 
to form the C-18 steroid estrogens (Fig 7 83) 
The day-to-day fluctuations of plasma estra- 
diol and estrone during the reproductive cycle 
are shown in Figure 7 82 

Progestms. Progestin was the name origi- 
nally given to the crude extract of the corpora 
lutea which could prepare and maintain a se- 
cretory endometrium during the latter half of 
the reproductive cycle and during pregnancy 
Progesterone is the most active principle m 
these extracts Hormones which have progesta- 
tional activity are referred to as progestms or 
gestagens (Fig 7 84) 

The biologic actions of progesterone and 
other gestagens include 1) antagonism of the 
growth promoting effect of estrogen on the 
endometrium and conversion of this rapidly 
proliferating organ into a secretory structure 
capable of maintaining an implanted blasto- 
cyst, 2) conversion of the cervical mucous from 
a very viscous to a nonviscous fluid, 5) stimu- 
lation of mammary gland growth and develop- 
ment, and 4) inhibition of uterine motility 

During the reproductive cycle and in the 
first trimester of pregnancy, progesterone is 
secreted almost exclusively by the corpus lu- 
teum During the latter two-thirds of preg- 
nancy the placenta assumes this function The 
adrenal also secretes a small quantity of pro- 
gesterone In all of these organs, progesterone 
is synthesized from cholesterol and pregneno- 
lone 

HORMONAL CHANGES DURING THE 
REPRODUCTIVE CYCLE 

The changes in the plasma levels of estro- 
gens, progestms, and gonadotropins during a 
reproductive cycle are shown m Figure 7 82 
For descriptive purposes the reproductive 
cycle can be divided into a follicular phase 
(which can be subdivided into a first and 
second half), an oyylatory phase, and a luteal 
phase (Ross et al , 1970, VandeWiele, et al , 
1970) 
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plasma estrogen levels (estradiol and estrone) 
Estradiol increases slowly at first and then 
rapidly reaches a maximum on the day before 
the LH peak The initial rise in estrone is not 
as great, but estrogen levels reach a peak con- 
comitant with the peak of LH While plasma 
estrogen levels are increasing, plasma FSH 
decreases and plasma LH slowly and steadily 
increases Several days before ovulation there 
IS a rise of 17-hydroxyprogesterone which 
reaches a maximum on the day of the LH 
surge It is significant that plasma proges- 
terone levels do not increase during this pe- 
riod 

Ovulatory Phase During this period there 
is a rapid rise in plasma LH levels which leads 
to the final maturation of the Graafian follicle 
and follicular rupture some 16 to 24 hr after 
the LH peak Although there is a simultaneous 
increase in plasma FSH levels, the role of this 
pituitary hormone on the ovulatory process is 
not understood Soon after the beginning of 
the LH surge and prior to ovulation, plasma 
estradiol levels drop precipitously and plasma 
progesterone increases slightly (Fig 7 82) 

The preovulatory peaks of estradiol, and 17- 
hydroxyprogesterone correlate with rapid 
thecal development and follicular maturation 
During the final rapid growth of the follicle, 
the theca interna enlarges and assumes a func- 
tional appearance Following ovulation the 
theca interna cells persist in the corpus lu- 
teum Both estrogen and 17-hydroxyprog- 
esterone secretion decrease rapidly m the ovu- 
latory period but both increase again in the 
luteal phase as the corpus luteum with both its 
theca interna cells and luteinized follicular 
cells becomes vascularized While these obser- 
vations do not prove that estrogens and 17- 
hydxoxyprogesterone are secreted by the theca 
interna cells, they are nonetheless consistent 
with that hypothesis (Strott et al , 1969) 

Luteal Phase. As noted above, lutemization 
IS initiated by LH Recent studies also have 
indicated that ova exert an inhibitory influ- 
ence on follicle lutemization When the ovum 
IS removed from a mature follicle, granulosa 
cells immediately luteinize and form a corpus 
luteum By contrast, when the ovum is re- 
moved from an immature follicle, the granu- 
losa cells degenerate and the follicle becomes 
atretic (Nalbandov, 1970) From these studies 
it was concluded that lutemization occurs 
spontaneously following expulsion of the ovum 


from the mature follicle since only the ovec- 
tomized follicles luteinized and the neigh- 
boring follicles remained unchanged These 
observations are consistent with those of Chan- 
ning (1969) who observed that follicular cells 
placed m tissue culture lutenized sponte- 
neously in the absence of all hormonal stimuli 
However, the lifespan and function of follicular 
cells which are luteinized spontaneously either 
in vivo or in vitro are reduced LH is required 
for normal corpus luteum survival and func- 
tion Furthermore, LH administered in high 
doses can luteinize follicular cells even without 
ovulation and can produce a luteinized follicle 
with a trapped ovum (Ludwig and Horowitz, 
1969) These observations indicate that either 
LH or ovum removal can luteinize the ovarian 
follicle, however, during a normal reproductive 
cycle both mechanisms are probably operative 
The sine qua none of the luteal phase is the 
marked increase in progesterone secretion 
which reaches a maximum about 8 days after 
the midcycle LH peak 17-hydroxyprog- 
esterone has a double peak during the luteal 
phase at 5 and 8 days, respectively, and as 
noted previously, estrone and estradiol plasma 
levels increase m parallel with those of the 
progestins Concomitant with the increase of 
gonadal steroids, plasma LH and FSH decline 
throughout most of the luteal phase (Fig 7 82) 
The factors which control the lifespan of the 
corpus luteum in the normal reproductive 
cycle are ill-defined In many species, termina- 
tion of luteal function is under control of a lu- 
teolytic factor produced by the uterus In the 
human and monkey there is no evidence for 
the existence of such a factor (Rowson, 1970) 
Control of FSH and LH Secretion. Both 
FSH and LH are subject to negative feedback 
control as evidenced from the rise in both of 
these hormones following castration and from 
the decrease in their levels following estrogen 
administration Examination of the hormonal 
events of the reproductive cycle indicates that 
control mechanisms m addition to “negative 
feedback inhibition” are operative This is 
particularly true in the second half of the follic- 
ular phase when FSH decreases and LH in- 
creases concomitant with a rapid rise of blood 
estrogens. This paradox may be explained if 
one assumes that there are hypothalamic cen- 
ters for positive and negative feedback control 
of gonadotropins in man as there are in the ro- 
dent (McCann and Porter, 1969) In addition, 
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to the negative feedback upon gonadotropin 
secretion, estrogens also exert a positive feed- 
back on LH secretion but not upon FSH The 
factors which determine whether LH will in- 
crease or decrease in response to estrogen ad- 
ministration are not completely understood at 
the present time Suffice it to say that from the 
available data it would appear that both a posi- 
tive and a negative feedback control of LH are 
operative at different periods during the repro- 
ductive cycle 

In light of these observations the difference 
between the behavior of FSH and LH during 
the late follicular and luteal phases may be 
rationalized In the second half of the follicular 
period as estrogens rise, FSH decreases due to 
the negative feedback effect By contrast, the 
positive feedback control of estrogen is opera- 
tive upon LH secretion during this period as 
the level of this hormone increases Both FSH 
and LH decline during the luteal phase under 
the negative feedback inhibition of estrogen 
and possibly progesterone 

In addition to the feedback control of gonad- 
otropins by gonadal steroids, there are also 
mechanisms by which gonadotropins control 
their own secretion This latter type of gonado- 
tropin control has been termed the short-loop 
feedback while the control mechanisms in- 
volving gonadal steroids is called the long-loop 
feedback The following observations m ro- 
dents suggest that LH may exert a negative 
feedback on its own secretion via a “short 
loop” 1 ) implantation of LH in the median 
eminence of rats results in decreased pituitary 
LH stores and decreased plasma LH levels, 
2 ) LRF increases following hypophysectomy 
(David et al , 1966) At present there is not 
conclusive evidence for a negative short loop 
feedback of FSH control (Ojeda and Ramirez, 
1969) Although short-loop feedback is as- 
sumed to be operative in primates, there are 
no data to confirm or negate the existence of 
this type of feedback in man 

A midcycle LH surge represents still another 
facet of the complex machanisms which are 
operative in the control of gonadotropin secre- 
tion in women The available studies support 
the hypothesis that the rise in estrogens during 
the later follicular phase triggers the preovula- 
tory LH surge Evidence in favor of this theory 
has been provided by several investigators who 
demonstrated that estrogen administration can 
produce repeated bursts of LH, and in some 
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instances, ovulation Further evidence for es- 
trogen-stimulated LH release is obtained from 
experiments using antibodies to estradiol in 
which LH secretion was blocked when the bio- 
logic activity of estradiol was neutralized 
(VandeWiele et al , 1970) Under certain condi- 
tions progesterone can stimulate LH release 
(Swerdloff and Odell, 1969), but a careful anal- 
ysis of the sequence of hormonal events during 
the reproductive cycle indicates that proges- 
terone does not rise prior to LH (Fig 7 82) 
(Ross et al , 1970) Recent studies with proges- 
terone antibodies are also consistent with these 
observations (Ferin et al , 1969) 

Transport and Metabolism of Estradiol 
and Progesterone. The transport of estradiol 
and progesterone in blood is similar to that of 
testosterone A large fraction of estradiol in 
blood is bound with high affinity to TeBG 
(Fig 7 80) with smaller fractions associated 
with albumin and red cells Progesterone and 
cortisol bind with approximately equal affini- 
ties to cortisol-bmdmg globulin (CBG) Since 
cortisol always circulates in at least a 10-fold 
greater concentration in plasma than proges- 
terone, relatively more of the binding sites on 
CBG will be occupied by cortisol than by pro- 
gesterone Therefore, even though progesterone 
can bind to a specific plasma transport pro- 
tein, the majority of progesterone is trans- 
ported by albumin since the specific binding 
sites are occupied by another steroid 
and a variety of 2-methoxy compounds Estra- 
diol and its metabolic products are conjugated 
with sulfate and/or glucuronic acid for excre- 
tion The keto groups of progesterone are re- 
duced to form pregnanediol (Fig 7 84) which is 
then excreted as a conjugate Unlike testoster- 
one, estradiol and progesterone are not metab- 
olized to more active steroid products as both 
of these hormones are biologically active on 
target tissues in the form in which they are 
secreted into the blood 

Origin of Testosterone in Women The 
origin of testosterone in women is illustrated 
in Figure 7 85 and is analagous to the produc- 
tion of estrogens in man Testosterone is se- 
creted into the blood stream from both the 
ovary and the adrenal cortex Both of these 
endocrine glands, m addition, produce rela- 
tively nonandrogenic steroid precursors or pre- 
hormones such as androstenedione and dehy- 
droepiandrosterone Steroid prehormones are 
then converted to testosterone in liver and pe- 
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Fig 7 85 The origin of blood testosterone in women 
Testosterone (D is secreted into the blood by the ovary 
and adrenal These endocrine glands also secrete pre- 
cursor steroids or prehormones iP) into the blood which 
are transported to the liver and other tissues where they 
are converted to testosterone which re-enters the blood 


npheral tissue In normal women androstene- 
dione and dehydroepiandrosterone serve as 
precursors for 50 and 15%, respectively, of 
plasma testosterone Since the origin of blood 
testosterone in normal women is diverse, one 
can anticipate similar but variable diversity of 
testosterone production in women with viril- 
izing disorders (Bardin and Mahoudeau, 1970) 
Mechanism of Estrogen and Progesterone 
Action Estradiol and progesterone, like other 
steroids, are thought to exert their action di- 
rectly on the nucleus of the cell Using sucrose 
gradients, Jensen and his colleagues (1968) 
have demonstrated the sequence of events 
leading to estradiol interaction with the nu- 
cleus of the uterine cell Upon entry into the 
cell, estradiol is bound to an 8S receptor pro- 
tein in the cytosol The estrogen is transferred 
to the nucleus, and in the process the cyto- 
plasmic receptor is altered In the nucleus, es- 
tradiol IS bound to a 5S receptor and this 
steroid-receptor complex is believed to acti- 
vate DNA and RNA synthesis 
Progesterone receptors have also been dem- 
onstrated m the uterus of a variety of animals 
These receptors are unique in that their ac- 
tivity IS low in premature and castrate animals 
and IS increased by estrogen treatment If a 
cytoplasmic receptor for progesterone is a pre- 
requisite for progesterone action on the cell, 
then its maintenance by estrogen can explain 


the synergism of these two hormones on the 
uterus 

PREGNANCY 

Development of the Placenta In the hu- 
man, fertilization occurs m the fallopian tube 
There the early zygote divides repeatedly as it 
makes its way into the uterine cavity 3 or 4 
days after fertilization By the time the zygote 
reaches the uterine cavity it is a solid bail of 
cells called a morula The morula accumulates 
fluid between the cells which eventually causes 
separation of an outer layer of trophoblastic 
cells and an inner layer of embryonic cells that 
are attached to the trophoblastic layer in a re- 
stricted area The embryo, with its protective 
layer of trophoblasts, is termed the blastocyst, 
and by the 7th day after fertilization it is 
ready for implantation By the 9th day after 
fertilization, it is possible to detect human 
chorionic gonadotropin (HCG) in maternal 
urine This protein is synthesized by the troph- 
oblast and has a hormonal role in the mainte- 
nance of the corpus luteum of pregnancy This 
hormone is made solely by the placenta so that 
hypophysectomized, pregnant women have 
normal excretions of HCG Thereafter the pla- 
centa continues to mature and serves both 
endocrine and nutritive functions It is capable 
of steroid synthesis by 6 weeks and its defini- 
tive structure is attained by 12 weeks of preg- 
nancy (Villee, 1969) 

Hormones of Pregnancy. During pregnancy 
the placenta is responsible for the production 
of a number of steroid and protein hormones 
which exert a variety of metabolic effects both 
on the fetus and mother 

Progesterone is required throughout preg- 
nancy to maintain a functional rather than a 
proliferative endometrium During the first 
few days of pregnancy (from fertilization until 
just after implantation), the progesterone re- 
quired for endometrial maintenance is derived 
from the corpus luteum which is under the con- 
trol of pituitary LH This control will last ap- 
proximately 10 to 13 days, and, unless placen- 
tal HCG IS produced m sufficient quantities to 
maintain the corpus luteum beyond this pe- 
riod, the pregnancy will terminate several days 
after implantation as a consequence of luteoly- 
sis, a fall in progesterone concentration, and 
menstruation In normal pregnancy, however, 
corpus luteum maintenance is transferred from 
pituitary to placental control and progesterone 
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secretion continues Both progesterone and produced in the placenta Since the placenta 

17-hydroxyprogesterone increase until peak cannot 17-hydroxylate progesterone, andro 

concentrations are attained at 3 to 4 weeks of gens and estrogens cannot be S3mthesized di- 

gestation (Fig 7 86} Subsequently both ste- rectly in the placenta as in the ovary and testis 

roids decline at the same rate, the plasma pro- By contrast, these steroids are synthesized m 

gesterone level reaching a nadir at 6 to 8 weeks the placenta from steroid precursors produced 

after which it increases again as a result of in the fetus Participation of the fetus and the 

placental secretion By contrast, 17-hydroxy- placenta in the synthesis of hormones has given 

progesterone levels continue to decline Since rise to the concept of the fetoplacental unit 

the placenta does not synthesize significant which is discussed below 

quantities of 17-hydroxyprogesterone, this Human Chorionic Gonadotropin is a glyco- 
steroid is a good index of corpus luteum func- protein hormone produced by the trophoblasts 

tion during pregnancy These data suggest of the placenta HCG is chemically and biolog- 

that the corpus luteum of pregnancy functions ically similar to pituitary LH and is believed 

maximally during the first 4 weeks following to maintain the early corpus luteum of preg- 

ovulation and that its lifespan may be only nancy The level of this hormone rises in ma- 

about 10 weeks (Yoshimi et al , 1969) ternal blood throughout the early weeks of 

Although the placenta possesses all the en- pregnancy and peaks at 9 weeks when the 

zymes required to form cholesterol from ace- number of cytotrophoblasts is maximal The 

tate, it appears that maternal plasma choles- fact that plasma progesterone levels decline, 

terol IS the principal precursor of progesterone indicating involution of the corpus luteum of 


Delivery 



Weeks of Pregnancy 

PJfl 7,86 Maternal plasma levels of 17-hydroxyprogesterone progesterone and human chononic gonadotropin 
(HCG) ditnog pregnancy 


Plasma HCG lu/ml 
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pregnancy, while HCG levels are rising indi- 
cates that factors other than blood HCG levels 
are responsible for the duration of corpus lu- 
teum function After 9 weeks, plasma HCG 
ie\ els also decline (Fig 7 86) 

Human Placental Thyrotropin is a glycopro- 
tein produced in the human placenta which is 
chemically similar, but immunologicall> dis- 
tinct, from pituitary thyrotropin The exist- 
ence of this hormone was first demonstrated in 
women with trophoblastic tumors of placental 
origin who developed thyrotoxicosis The fact 
that anencephalic infants have a marked re- 
duction in thyroid size suggests that this hor- 
mone does not significantly influence thyroid 
function of the fetus in utero (Hertz, 1964) 
Human Placental Lactogen (HPL) is another 
placental hormone produced by the tropho- 
b lasts as early as 3 weeks after ovulation Very 
little of this hormone can be detected in a fetus 
but very large quantities are present in the 
maternal circulation HPL can be detected in 
serum of pregnant women as early as 6 weeks 
of gestation and increases steadily during the 
first 6 months Blood levels show little day-to- 
day fluctuation and are not influenced by 
changes m blood glucose concentrations HPL 
disappears from the blood promptly after the 
delivery of the placenta 
HPL has prolactin activity on the pigeon 
crop gland and has diabetogenic properties on 
mammals Although the exact role of this 
hormone in human pregnancy is not under- 
stood, a number of metabolic changes during 
gestation may be due to HPL These include 
hyperinsulmema, accelerated lipolysis, eleva- 
tion of plasma free fatty acids, inhibition of 
glucose uptake, and acceleration of gluconeo- 
genesis (Grumbach et al , 1968) 

Fetoplacental Units. After conception there 
is a dynamic nutritional interplay between the 
fetus and the placenta which assures their 
mutual growth and development In addition, 
many studies indicate that the fetus and pla- 
centa function as a unit for synthesis and me- 
tabolism of steroid hormones This conclusion 
is supported by the fact that both the fetus 
and placenta have incomplete steroidogenic 
systems so that each complements the other in 
the process of estrogen biosynthesis Large 
quantities of dehydroepiandrosterone sulfate 
and 16-hydroxydehydroepiandrosterone sulfate 
are synthesized by the fetus Both steroids are 
transported to the placenta where the sulfate 


is removed (Fig 7 87) Dehydroepiand- 
rosterone is then converted to androstenedione 
and testosterone which are aromatized to es- 
trone and estradiol, respectively 16-n -hydroxy 
dehydroepiandrosterone is converted to 16-a:- 
hydroxy testosterone which is then aromatized 
to estriol Estrogens synthesized by the feto- 
placental unit enter the maternal circulation 
and comprise a major fraction of the estrogens 
of pregnancy From an analysis of Figure 7 87 
it IS easy to understand why fetal death is as- 
sociated with a decline in maternal estrogen 
levels 

Breast Development The secretory tissue 
of the breasts or mammary glands consists of 
elongated slender ducts whose walls have 
numerous pouches — the alveoli The walls of 
the alveoli are composed of a basement mem- 
brane, a layer of myoepithelial cells, and an 
inner layer of columnar epithelium The epi- 
thelial cells are the secreting elements of the 
breasts 

There are three stages of phases of breast 
development Prior to puberty, breast growth 
is isometric to that of body growth At pu- 
berty, both the ductal system and the sup- 
porting adipose tissue grow much faster than 
the body m general due to increased secretion 
of ovarian estrogens W omei x. w ithout o varies, 
therefore, develop breasts of normal size and 
consistency only when treated with estrogens 
The final stage of breast development occurs 
during pregnancy This phase is initiated by 
rapid growth of ducts and alveoli which differ- 
entiate so that milk synthesis and secretion 
can occur While the hormone-dependent 
growth of breast tissue during puberty appears 
relatively straightforward, breast growth 
during pregnancy is exceedingly complex 

Surprisingly little is known about the hor- 
monal requirements in women for breast 
growth and differentiation during pregnancy 
However, the hormonal requirements for 
growth of mouse mammary gland and milk 
synthesis have been well-defined m tissue cul- 
ture and indicate the need for multiple hor- 
mones Growth of ducts and alveoli to mid- 
pregnancy can be achieved by administration 
of estrogen and progesterone to the rodent 
provided the pituitary and adrenals are intact 
These organs provide growth hormone and 
glucocorticoid, respectively, which are required 
for mammary gland growth If the mammary 
gland of an animal in midpregnancy is placed 
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Fig 7 87 Synthesis of estrogen by the human placenta The pathways for the conversion of Cl 9 steroid sulfates 
to estrogens are shown The major estrogens secreted by the placenta are boxed m (From Villee 1 969 ) 
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in tissue culture, insulin, glucocorticoid, and 
prolactin are required to produce mammary 
gland differentiation and milk synthesis (Top- 
per, 1970) While there are species differences 
in the hormonal requirement for mammary 
gro\vi:h and development, gonadal adrenal, and 
pituitary hormones have been necessary m all 
animals studied to date 
Although milk synthesis and secretion in 


women begins about the 5th month of preg- 
nancy, the initiation of copious lactation is a 
consequence of delivery Milk release or “let- 
down” from the breast at the time of nursing 
is accomplished by the action of oxytocin on 
the myoepithelial cells of the alveoli Oxytocin 
is m turn produced in the hypothalamus and is 
released from the neurohypophysis 



, control of carbohydrate 

METABOLISM IN MUSCLE 


In muscle tissue, the rate of glycolysis vanes 
with the degree of mechanical activity, with 
the nutritional or hormonal state of the ani- 
mal, and with the type and function of the 
muscle For example, white skeletal muscle 
has few mitochondria, contracts very rapidly 
but can sustam a continuous contraction for 
only a short time This type of muscle depends 
on glycolysis as a primary source ot adenosine 
triphosphate (ATP) Red skeletal muscle con- 
tracts slower but for a longer time, is rich in 
mitochondria, and derives most of its ATP 
through oxidation of fatty acid and glucose 
Cardiac muscle is a type of red muscle Mito- 
chondria make up about 40% of the total 
volume of cardiac muscle and, under normal 
conditions, oxidative metabolism accounts for 
almost all of the ATP that is produced Glycol- 
ysis becomes an important source of ATP in 
red muscle only when the oxygen supply is 
limited, as during strenuous exercise in skel- 
etal muscle or coronary occlusion m cardiac 
muscle 

Under most conditions, glucose and fatty 
acids are the major fuels used by muscle, but 
lactate, pyruvate, ketone bodies and, to a 
minor extent, ammo acids are all potential 
sources of energy In a well-oxygenated red 
muscle, all of these substrates are completely 
oxidized in the citric acid cycle resulting in for- 
mation of reduced nicotinamide adenine dinu- 
cleotide (NADH) which serves as the imme- 
diate energy source for ATP production by 
oxidative phosphorylation The rate of utiliza- 
tion of any one substrate depends upon the 
concentration of the substrate in the plasma, 
availability of alternative substrates, degree of 
mechanical activity, availability of oxygen, 
and plasma levels of hormones When glucose, 
insulin, fatty acids, and oxygen are present m 
normal amounts in arterial blood, oxidation of 
glucose accounts for only 20 to 30% of the total 
oxidative metabolism of the heart, while oxida- 
tion of fatty acids accounts for the remainder 


When insulin levels are low and fatty acids are 
high, as in fasting or uncontrolled diabetes, the 
heart utilizes fatty acids and ketone bodies 
almost exclusively On the other hand, when 
blood glucose and insulin are high, as after a 
carbohydrate meal, oxidation of glucose may 
account for a larger portion of cardiac metabo- 
lism Utilization of one substrate in preference 
to another indicates that regulation of overall 
metabolism involves a complicated network of 
interactions of one pathway with another 
which brings about an integration of all path- 
ways, and insures that the rate of each is coor- 
dinated with the metabolic needs of the cell as 
a whole 

Although this chapter is concerned with the 
regulation of glucose metabolism in muscle, 
many of the regulatory mechanisms that are 
discussed apply to other tissues as well Glu- 
cose utilization by adipose tissue and the influ- 
ence of glycolysis on fatty acid release are dis- 
cussed m Chapter 1 1 

General Considerations of Metabolic 
Regulation 

In general, complicated metabolic pathways 
are regulated as units A unit often represents 
a sequence of reactions between major branch 
points in a pathway For example, glucose 
metabolism appears to be regulated as three 
units (Fig 7 88) The glucose-activation unit is 
comprised of membrane transport and intra- 
cellular phosphorylation of glucose to glucose- 
6-P Glucose-6 -P represents the first branch 
point in the pathway and may be used for gly- 
cogen synthesis, for synthesis of other metabo- 
lites via the pentose cycle, or for production of 
ATP by conversion to pyruvate or acetyl CoA 
through the mam glycolytic pathway Gly- 
cogen metabolism is a cyclic process involving 
both synthetic and degradative enzyme sys- 
tems Functionally, both enzyme systems are 
regulated as a glycogen homeostatic unit 
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Fig 7 88 Glycolytic control units 


When synthesis is stimulated, glycogenolysis is 
inhibited and visa versa Acetyl Co A repre- 
sents the next major branch in glycolysis after 
glucose-6 -P and the series of reactions from 
glucose-6 -P to acetyl Co A is regulated as a 
glycolytic unit Acetyl CoA can be oxidized 
through the citnc acid cycle or can be used for 


synthetic processes Conversion of pyruvate to 
lactate does not represent a major branch 
point in glycolysis Lactate production in an- 
aerobic muscle provides a mechanism for oxi- 
dizing the NADH produced at the glyceralde- 
hyde-3-P reaction and allows glycolytic pro- 
duction of ATP to continue in the anaerobic 
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cell Lactate formed by anaerobic muscle is 
transported to the liver where it is converted 
to glucose by giuconeogenesis In aerobic tis- 
sue, the lactic dehydrogenase reaction can be 
reversed and the pyruvate that is produced is 
oxidized via the citric acid cycle 

“Metabolic units” are regulated by control 
of one or more enzymes within the sequence of 
reactions, often through feedback inhibition of 
either the first step or the first irreversible step 
m the sequence The inhibitor may be the 
immediate product of the reaction or a more 
distant product of the pathway For example, 
hexokinase is inhibited by glucose-6 -P, the 
immediate product of the reaction, but phos- 
phofructokmase is inhibited by ATP, the ulti- 
mate product of glycolysis and of aerobic me- 
tabolism This enzyme is also inhibited by cit- 
rate which IS synthesized from acetyl CoA and 
is therefore a product of glycolysis Pyruvate 
dehydrogenase is inhibited by acetyl CoA, the 
immediate product of the reaction, and by 
ATP, the final product of pyruvate oxidation 

TYPES OF ENZYME CONTROL 

Flow through a series of reactions may be 
controlled by several factors 1 ) Availability of 
the initial substrate can regulate the overall 
rate Glucose utilization by muscle can be con- 
trolled to a significant extent by the plasma 
concentration of glucose The plasma concen- 
tration IS in turn regulated by dietary intake 
and hepatic and renal production of glucose In 
addition, the rate of membrane transport can 
be modified by insulin and metabolic factors 
at any level of plasma glucose 2 ) An impor- 
tant factor regulating flux through a metabolic 
pathway is the presence of enzymes that are 
under allosteric control and are strategically 
located within the pathway Regulatory en- 
zymes of this type control the overall flux 
through a pathway or unit and also control the 
concentrations of intermediates within the 
pathway Phosphofructokinase often controls 
the overall rate of glycolysis and regulates the 
tissue levels of fructose-6 -P and glucose-6-P. 
Regulatory enzymes catalyze nonequilibrium 
reactions, but not all nonequilibrium reactions 
are regulated A nonequilibrium reaction may 
be identified in the tissue by measuring the 
concentrations of all substrates, cofactors, and 
products of the reaction The ratio of the al- 
gebraic product of all concentrations of reac- 
tion products to the algebraic product of all 


concentrations of substrates is then compared 
with the same ratio measured m vitro for the 
purified enzyme (i e , the apparent equilibrium 
constant) If the in vivo ratio is less than the 
apparent equilibrium constant measured in 
vitro, the enzyme is said to catalyze a nonequi- 
libnum reaction This indicates that some 
factor (allosteric regulator) present in the 
tissue is influencing the activity of the en- 
zyme On the other hand, if a reaction pro- 
ceeds at equilibrium, the rate increases when 
there is more substrate or less product and is 
slower when there is less substrate or more 
product (mass action effect), and cannot con- 
trol the overall rate of a pathway 3 ) Flux 
through a metabolic pathway may be changed 
by variations in the absolute amount of one or 
more enzymes in the pathway This mecha- 
nism appears to be important in long-term 
control of metabolic pathways in certain tis- 
sues In muscle, however, total activities of 
most of the regulatory enzymes that have been 
studied do not change under conditions where 
large changes in the rate of the reactions occur 
These findings indicate that carbohydrate 
metabolism in muscle is regulated primarily 
by availability of substrate and control of non- 
equilibrium reactions 

REGULATORY REACTIONS OF THE 
GLUCOSE-ACTIVATION UNIT 

Movement of glucose across muscle cell 
membranes occurs by a process called carrier- 
mediated transport or facilitated diffusion 
Glucose transport is freely reversible and 
serves to equilibrate intracellular and extracel- 
lular concentrations of glucose Since meta- 
bolic energy is not used, this process is an 
example of passive transport Active transport 
moves substances against a concentration gra- 
dient with the expenditure of metabolic en- 
ergy Glucose transport is active only in the 
kidney and intestine 

Passive transport of glucose is illustrated 
schematically in Figure 7 89 In this model, 
free glucose combines with a mobile protein 
component of the cell membrane (“carrier”) 
The carrier itself can move through the mem- 
brane and IS freely accessible to glucose on ei- 
ther side When glucose combines with the 
carrier on the outside of the cell, the complex 
renders glucose sufficiently lipid soluble to 
allow the sugar-earner complex to pass 
through the lipid bilayer portion of the mem- 
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brane The complex then dissociates and free 
glucose IS released on the inside of the cell 
Intracellular glucose can combine with free 
earner on the inner surface of the membrane 
and be transported out of the cell 
Several types of experiments support this 
model of earner transport 1) Artificial lipid 
bilayer membranes formed from lipids ex- 
tracted from cell membranes allow glucose to 
penetrate at a rate several hundred times 
slower than movement of sugar through a bio- 
logical membrane Simple diffusion through 
the lipid bilayer, therefore, cannot account for 
the observed rates of glucose movement into 
living cells 2) Glucose transport can be satu- 
rated as increasing concentrations of sugar are 
supplied This indicates that glucose combines 
with a component of the membrane that is 
present in limited amount When all of the 
carriers are occupied, transport is limited by 
the number of carriers and their mobility in 
the membrane 3) Glucose transport is stereo- 
specific as indicated by the rapid entry of d- 
glucose into muscle cells and by the exclusion 
of the L-isomer These observations also pro- 
vide support for the suggestion that the carrier 
IS a protein since proteins can selectively bind 
stereoisomers of small molecules 4) Glucose 
transport is inhibited by sulfhy dry 1 -blocking 
agents suggesting that a protein is involved in 
the penetration process 5) Several sugars 
share the same carrier system and compete 
with each other for the available binding sites 


6) Countertransport, a special case of competi- 
tive inhibition, provides the strongest support 
for carrier mobility This phenomenon is dem- 
onstrated by allowing intracellular and extra- 
cellular concentrations of a nonmetabolized 
sugar, such as 3-0-methyl glucose, to equili- 
brate across the cell membrane and then by 
adding a metabolizable sugar, such as glucose, 
to the ouside of the cells Following addition of 
glucose, 3-0 -methyl glucose is transported out 
of the cells against a concentration gradient 
(Fig 7 90) If both glucose and 3-0 -methyl glu- 
cose are included in the buffer from zero time, 
entry of 3-0 -methyl glucose is slower indi- 
cating that these sugars compete for the same 
transport system This phenomenon can be 
understood by reference to the carrier model 
(Fig 7 89) When the extracellular compart- 
ment contains only 3-0-methyl glucose, this 
sugar combines with the carrier and is trans- 
ported into the cell where it accumulates As 
the concentration of 3-0-methyl glucose builds 





Fig 7 90 Countertransport of 3-0-methyl D-glucose 
in the isolated perfused rat heart on addition of o-glucose 
to the perfusate Hearts were perfused for the times 
indicated with buffer containing S-O-methyl D-glucose- 
^‘*C (0 75mM) In one group of hearts perfused with 
3-0-methyl glucose perfusion was switched after 10 
min to buffer containing 21 mM D-glucose in addition 
and perfusion was continued for either 20 or 35 mm (#) 
Additional groups were perfused with 0 75 time (A) 
The vertical line through each point indicates two stan- 
dard errors of the mean (From Morgan et al 1964 ) 
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up inside the cell, more sugar is available for 
outward transport When the concentrations 
are equal on both sides of the membrane, out- 
ward transport equals inward transport If glu- 
cose IS now added to the extracellular com- 
partment, it competes with 3- 0-methyl glu- 
cose for binding sites on the outer surface of 
the membrane and reduces the inward move- 
ment of 3-0-methyl glucose As glucose is 
transported into the cell, however, it is phos- 
phorylated and is not available to compete 
with 3-0 -methyl glucose for outward transport 
Since more free earners are available for 
binding of 3-0-methyl glucose on the inner 
side of the membrane than on the outer, 3-0- 
methyl glucose exit is faster than entrance, 
which results m movement of the nonmetabol- 
ized sugar against a concentration gradient 
Energy for this movement comes from the glu- 
cose concentration gradient 
Transport is a major rate-limiting step for 
glucose utilization and control at this point 
often regulates the entire pathway In the ab- 
sence of insulin, extracellular glucose can be 
abnormally high and yet the intracellular glu- 
cose concentration remains so low that it 
cannot be measured Under these conditions, 
transport is a nonequilibrium reaction and 
limits overall glucose utilization since hexoki- 
nase can phosphorylate glucose only as fast as 
transport supplies the sugar When transport is 
stimulated by insulin, free glucose may build 
up in the cell, which allows transport to op- 
erate near equilibrium and shifts the restraint 
on glucose activation to the hexokmase reac- 
tion Transport is regulated by a number of 
factors in addition to insulin as illustrated m 
Table 7 11) In these experiments, the rate of 
equilibration of intracellular water with 3-0- 
methyl glucose during 7 min of perfusion 
functions as an index of transport rate Trans- 
port occurs at a slow rate m aerobic hearts that 
are developing low levels of ventricular pres- 
sure (60 mm Hg) An even lower rate is seen 
when palmitate is added to the perfusate The 
increase in muscular work associated with 
greater ventricular pressure development (100 
mm Hg) accelerates 3-0-methyl glucose entry, 
but this acceleration is blocked if palmitate is 
present in the perfusate Insulin accelerates 
sugar transport, but the hormone effect is less 
if palmitate is present. Perfusion of the heart 
under anaerobic conditions accelerates entry of 
sugar into the cells. Palmitate does not mter- 


Table 7 1 1 

Effects of ventricular pressure development substrates 
anoxia and insulin on 3-0-methyl glucose transport m 
oerfused rat hearts 


Additions of 
Hormones or Fatt> 

Acid to Perfusate 

Peak Ven- 
tricular 
Pressure 

Intracellular 
Water 
Equili- 
bnated with 
3-0-meth>i 
Glucose in 

7 mm 


mm Hg 

^0 

Aerobic perfusions 

None 

60 

17 

Palmitate 

60 

11 

None 

100 

64 

Palmitate 

100 

21 

Insulin 

60 

76 

Insulin + palmitate 

60 

53 

Anaerobic perfusions 

None 

60 

59 

Palmitate 

60 

82 


From Neely et al , 1969 


fere with the anaerobic stimulation of trans- 
port which suggests that fatty acid must be 
oxidized to inhibit this step in glucose metabo- 
lism These studies indicate that transport is 
regulated by insulin, muscular work, availa- 
bility of fatty substrates, and degree of oxygen- 
ation of the heart These factors interact to 
produce a fine control of transport rate 

The molecular mechanisms involved in con- 
trol of transport are unknown The action of 
insulin is thought to involve binding of the 
hormone to the outer surface of the cell mem- 
brane where it modifies the membrane compo- 
nents in such a way that the glucose-carrier 
complex can move through the membrane at a 
faster rate Acceleration of glucose transport 
by hypoxia or muscular work and inhibition of 
the process when fatty acids are oxidized are 
thought to be mediated by changes in intracel- 
lular levels of specific activators or inhibitors 
of transport Muscular work not only acceler- 
ates glucose transport in the absence of insulin 
but renders the transport process more sensi- 
tive to suboptimal concentrations of the hor- 
mone This combination of a direct accelera- 
tion by muscular work and increased sensi- 
tivity to insulin may explain the improved uti- 
lization of glucose by diabetics during exercise 
Once glucose is within the cell, it must be 
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phosphor>iated before it can be utilized fur- 
ther This reaction is catalyzed by hexokmase 
\n important physiological property of thib 
enz\me is inhibition by glucose-6-P (Crane 
and Sols, 1953) When the supply of glucose-6- 
P IS more than adequate to meet the needs of 
the cell, the level increases and regulates its 
own production by inhibiting hexokmase The 
relationship between the rate of glucose phos- 
phorylation and intracellular glucose-6-P con- 
centration is shown in Figure 7 91 

GLYCOGEN HOMEOSTATIC UNIT 

Glucose-6-P occupies the first branch point 
in glucose metabolism For glycogen synthesis 
it IS first converted to glucose-l-P which com- 
bines with undine triphosphate (UTP) to form 
undine diphosphoglucose (UDPG) (Fig 7 88) 
The glucosyl unit of UDPG is transferred to 
glycogen by UDPG- glycogen transferase This 
enzyme is the site of regulation of glycogen 
synthesis by both hormonal and nonhormonal 
factors Transferase is a complicated enzyme 
which exists in two forms, transferase D and 
transferase I The D form is dependent upon 
the presence of giucose-6-P for activity while 
the I form has activity independent of this 
regulator The activity of the D form is inhib- 
ited b> ATP so that variations in tissue levels 
of ATP and glucose-6-P increase or decrease 
the activity of this form Another important 
mechanism for control of transferase activity is 
mterconversion of the two forms of the en- 
zyme, as follows 



of Glucose 6-phosphate(m!V1) 

Fig 7 91 Relationship between intracellular glu 
cose 6-phosphate concentration and rate of glucose 
phosphorylation in perfused rat heart (From England 
and Randle 1 967 ) 

mechanisms 1) Conversion of transferase to 
the I form appears to be an effect of the hor- 
mone on protein kinase to increase its depend- 
ence on cyclic AMP, and thus to decrease its 
activity Increased levels of transferase I result 
(Fig 7 92) 2) Insulin accelerates membrane 
transport and provides more substrate for hex- 
okinase which increases the level of glucose -6- 
P The higher levels of glucose-6-P increase the 
activity of transferase D and, as will be dis- 
cussed, reduce the activity of phosphorylase b 


Pi Transferase I ATP 


Transferase T 
phosphatase 


cyclic AMP-dependent 
protein kinase 


Transferase D ADP 


Transferase I is phosphorylated to the D form 
by a protein kinase that is dependent upon 
cyclic adenosine monophosphate (cy<jlic AMP) 
Conversion of D to I involves dephosphorylation 
of the D form by a specific phosphatase These 
second-stage mterconverting enzymes are the 
sites of much of the hormonal and nonhor- 
monal control of glycogen synthesis Epineph- 
rine causes net gly cogen oly sis by increasing 
intracellular cyclic 'AMP which activates con- 
version of transferase I to D and, as will be 
discussed, conversion of phosphorylase b to a 
Insulin increases glycogen synthesis by two 


The net effect of insulin in the intact tissue 
is to increase glycogen levels The second- 
stage mterconverting enzymes are also under 
nonhormonal control Increased levels of gly- 
cogen inhibit the phosphatase and reduce the 
amount of transferase in the I form (Fig 7 93) 
These changes decrease the rate of glycogen 
synthesis and set an upper limit on the level of 
glycogen that the cell can attain 

Glycogenolysis is catalyzed by glycogen 
phosphorylase This enzyme, like UDPG-gly- 
cogen transferase, exists in two forms, phos- 
phorylase a and b 
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kinase phosphatase 
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kinase, inactive kinase, active 


cyclic AMP dependent 
protein kinase 


ADP Phosphorylase a 

\ Phosphorylase 
1 phosphatase 

ATP Phosphorylase h P, 



Phosphorylase h is the dephosphorylated form 
and IS active only in the presence of 5'AMP 
The h form is phosphoryiated by a specific 
kinase enzyme, that requires Ca^"^, and is con- 
verted to phosphorylase a The a form is active 
in the absence of 5'AMP Phosphorylase, like 
transferase, is subject to both hormonal and 
nonhormonal control 

Many of the regulatory enzymes that exist 
m two forms have been called active and inac- 
tive In general, this is an unfortunate mis- 
nomer because both forms of the enzymes are 
capable of catalyzing their respective reac- 
tions The term “active” really means that this 
form of the enzyme is independent of control 
by allosteric regulators The so-called inactive 
form is inactive under some conditions that 
exist in cells because of the presence of allo- 
steric inhibitors For example, phosphorylase b 
is activated by 5'AMP and is capable of as 
much activity per unit of enzyme protein as 



Fig 7 92 Per cent transferase I activity m extracts 
of rat skeletal muscle after mtraperitoneal injection of 
saline (unshaded bars) or insulin (shaded bars) The 
numbers of experiments in each group are indicated 
(From Lamer et al , 1 968 ) 


phosphorylase a This activity is not expressed 
in the tissue, however, because of high levels of 
inhibitors (ATP and glucose-6-P) normally 
found in cells With decreased levels of these 
inhibitors or increased levels of 5'AMP, phos- 
phorylase h is activated (Fig 7 94) Variations 
m the tissue levels of ATP, AMP and glucose- 
6-P can control the rate of glycogen olysis by 
their action on phosphorylase h without inter- 
conversion of the enzyme forms Under most 
conditions phosphorylase is present in the cell 
predominantly in the h form and this mecha- 
nism appears to be important m regulating the 
utilization of glycogen The relationship be- 
tween the tissue levels of glucose-6-P and the 
rate of glycogen utilization in heart muscle is 
shown in Figure 7 95 The tissue level of glu- 
cose-6-P was altered by perfusing hearts with 
various substrates When the level of glucose- 
6-P is low, glycogen breakdown is fast and, 
when glucose-6 -P is high, net glycogen syn- 
thesis occurs This relationship between glu- 
cose -6-P and glycogen is due to effects of glu- 
cose-6-P on both activation of UDPG-glycogen 
transferase and inhibition of phosphorylase b 
Interconversion of phosphorylase a and h is 
also an important physiological regulatory 
mechanism The activity of phosphorylase b is 
expressed as a defense against low energy 
levels in the cell only after the fact In con- 
trast, phosphorylase activity and glycogen uti- 
lization increases in anticipation of energy 
requirements by converting the enzyme to the 
a form Phosphorylase a, the so-called active 
form IS not subject to allosteric regulation as is 
the b form (Fig 7 94) By conversion to the a 
form, phosphorylase activity can be increased 
even in the presence of high levels of ATP and 
glucose-6 -P and before there is an actual en- 
ergy deficit Epinephrine is released into the 
blood in anticipation of muscular activity 
(flight-or-fight response) and this hormone pro- 
motes glycogenolysis by bringing about conver- 
sion of phosphorylase to the a form This ac- 
tion of epinephrine is mediated through in- 
creased levels of cyclic AMP m the tissue as 
indicated by the temporal sequence of changes 
m cyclic AlVfP and phosphorylase activity (Fig 
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7 96) The second-stage interconvertmg en- 
z>me, phosphorylase kmase, also exists in two 
forms, so-called active and inactive A third- 
stage interconvertmg enzyme, protein kinase, 
phosphorylates inactive phosphorylase kinase 



Fig 7 93 The inhibition of transferase phosphatase 
by glycogen (From Lamer et al 1 968 ) 


and in so doing converts it to the active form 
This third-stage enzyme is activated by cyclic 
AMP With epinephrine treatment, the level of 
cyclic AMP IS elevated and protein kinase is, 
activated This enzyme then converts inactive 
phosphorylase kinase to the active form Phos- 
phorylaese kinase catalyzes the phosphoryla- 
tion of phosphorylase h and converts it to the a 
form which in turn brings about an increased 
rate of glycogen oly sis 

Muscular contraction itself caused an in- 
creased conversion of phosphorylase to the a 
form in skeletal muscle In Figure 7 97 is 
shown a time course of phosphorylase conver- 
sion to the a form after onset of muscular con- 
traction Two factors may account for this 
conversion of phosphorylase h to a during 
muscular contraction 1) Phosphorylase h ki- 
nase IS activated by calcium and depolariza- 
tion of the muscle cell membrane releases cal- 
cium into the sarcoplasm (Krebs et al , 1968) 
The so-called inactive form of phosphorylase b 
kinase is activated by magnesium There is 
very little free magnesium m the cell and most 
of the ATP IS in the form of ATP-Mg^*^ com- 
plex With ATP breakdown during muscular 
contraction, the free magnesium released from 
the ATP-Mg^^ complex may activate phos- 
phorylase b kinase (Villar-Palasi and Wei, 
1970) 



Fig 7 94 Effect of ATP and glucose-6-P on activity of phosphorylases a and b at various levels of AMP Assays 
were performed in the direction of glycogen synthesis by measuring release of inorganic phosphate (From Morgan 
and Parmegiani 1964) 
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Fig 7 95 Relationship between net glycogen 
change and glucose 6 P concentration in perfused rat 
heart (From Neely et al 1968 ) 


CYCLIC AMP 

MOLES /g % PHOSPHORYLASE A 



Fig 7 96 Effect of epinephrine on cyclic AMP con- 
centration and phosphorylase activity in isolated rat 
hearts (From Robison et al 1965) 


CONTROL OF THE GLYCOLYTIC UNIT 

Phosphofructokinase catalyzes the first irre- 
versible step in the glycolytic unit (glucose-6-P 
to acetyl CoA) Phosphofructokinase is a 
classic example of a regulatory enzyme and its 
activity controls the overall rate of glycolysis 
under many conditions The enzyme is subject 
to allosteric regulation by a variety of small 
molecules Its activity is inhibited by ATP and 
citrate (Fig 7 98) and is accelerated by Pj, 
5'AMP, adenosine diphosphate (ADP), and 
cyclic AMP (Fig 7 99) This is the primary site 
of glycolytic inhibition by aerobic respiration 
When oxidative metabolism is proceeding 
normally, the tissue level of ATP is high and 
the levels of ADP, AMP, and Pi are low and 
phosphofructokinase is inhibited Inhibition of 
glycolysis by oxidation of fatty acids involves 
high tissue levels of ATP and citrate and low 
levels of AMP and Pi When the oxygen supply 


to muscle is limited, phosphofructokinase h 
activated by decreased levels of ATP and in 
creased levels of 5'AMP and Pj 

Pvruvate dehydrogenase catalyzes the con 
version of pyruvate to acetyl CoA m the mito 
chondria Pyruvate dehydrogenase is a com 
plex enzyme which is subject to allosteric con 
trol Activity of the enzyme is inhibited b\ 
high levels of NADH and acetyl CoA, both of 
which are products of the reaction (Randle et 
al , 1966) The enzyme is also inhibited by 
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Fig 7 97 Time course of appearance of phosphory- 
lase a in response to repetitive stimulation of frog 
sartorii at 20° C The muscles were stimulated 6 times 
per second with 1 5 volt shocks of 2 msec duration to 
contract against a 2-g preload The series of contrac 
tions was halted by freezing at the indicated time (From 
Danforth and Helmreich 1964) 



Fig 7 98 Velocity of phosphofructokinase as a func 
tion of citrate concentration at several ATP and fructose- 
6-P levels (From Passonneau and Lowry 1963) 
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muscle If oxygen supply is limiting, acetyl 
CoA cannot be used by the citric acid cycle 
and its production from pyruvate is inhibited 
NADH cannot be oxidized m the anaerobic 
tissue and its level builds up Inhibition of 
pyruvate dehydrogenase results in a higher 
level of pyruvate which is converted to lactate 
by lactic dehydrogenase This conversion of 
pyruvate to lactate reoxidizes the NADH pro- 
duced in glycolysis and allows glycolysis to 
continue with anaerobic production of ATP 
Pyruvate dehydrogenase, like UDPG-gly- 
cogen transferase and phosphorylase, is regu- 
lated by a phosphorylation-dephosphoryiation 
mechanism (Reid, 1969) Phosphorylation, 
which IS catalyzed by pyruvate dehydrogenase 
kinase, inactivates the enzyme while dephos- 
phorylation by pyruvate dehydrogenase phos- 
phatase activates the enzyme Activation of 
pyruvate dehydrogenase from pig heart is 
stimulated by cyclic AMP (Wieland and Siess, 
1970) Pyruvate dehydrogenase and pyruvate 
metabolism may, therefore, be under hormonal 
control by mterconversion of two forms of the 
enzyme 


Table 7 12 

Effects of various physiological states on glucose utilization by heart muscle^ 


Physiological State 

Glucose-Activation 

Unit 

Glycogen-Homeostatic 

Unit 

Glycolytic Unit 

Fasting, uncontrolled 

diabetes, hypophysecto - 
mized diabetic animal 
treated with growth hor- 
mone and cortisone 

Slow due to low plasma 
insulin and high free 
fatty acids, impaired 
sensitivity to insulin 

Stores glycogen due to 
high glucose-6-P levels 
resulting from inhibi- 
tion of the glycolytic 
unit at phosphofruc- 
tokinase 

Inhibited at phospho- 
fructokinase and pyru- 
vate dehydrogenase by 
high levels of citrate 
and acetyl CoA 

Hypophysectomized- 
diabetic animal 

Slow due to low plasma 
insulin but insulin 
sensitivity is increased 

Uses glycogen due to 
low glucose-6-P levels 

Lower levels of citrate 
and acetyl CoA allow 
glycolysis to proceed 

Increased heart work 

Fast due to effect of 
heart work on trans- 
port and increased 
insulin sensitivity 

These effects may be 
blocked if free fatty 
acid levels are high 

Uses glycogen due to 
low glucose-6-P levels 
which result from ac- 
tivation of the glyco- 
lytic unit 

Activated by lower 
tissue levels of citrate 
and acetyl CoA and 
higher levels of P^ 

Hypoxia resulting from 
coronary insufficiency 

Fast due to stimulation 
of glucose transport 
and to increased sen- 
sitivity to insulin 

Uses glycogen due to 
lower ATP and glu- 
cose-6-P levels and to 
higher levels of AMP 
and P, 

Activated by lower 
tissue levels and ATP 
and higher levels of P^ 
and 5'AMP 


“ Changes are related to activities of the various units m the postabsorptive state 


\TP, the end product of pyruvate oxidation 
^-Oxidation of fatty acids is the major source 
of acetyl CoA m the mitochondria and, there- 
fore, supplies a direct inhibitor of pyruvate 
dehydrogenase Inhibition by acetyl CoA and 
NADH has an important function in anaerobic 



Fig 7 99 Effect of P, 5' AMP ADP and cyclic 
AMP on the activity of phosphofructokinase The other 
concentrations of reactants were ATP 2 3 mM Mg 
5mM fructose-6-P OImM The P concentrations as 
indicated are drawn to a 10-fold smaller scale (From 
Passonneau and Lowry 1 962 } 
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Integrated Control of Carbolifcirate 
Metaboiisin 

Regulation of the glucose-activation, gly- 
cogen-homeostatic, and glycolytic units is inte- 
grated to allow for production of ATP as 
needed but to prevent useless consumption of 
glucose. As summarized in Table 7.12, fasting, 
uncontrolled diabetes, and hormone-treated 
hypophysectomized diabetic animals are char- 
acterized by slow rates of glucose utilization 
resulting from low plasma levels of insulin and 
high levels of free fatty acid. Inhibition of both 
the glycolytic and glucose -activation units is 
present. The heart stores much of the glucose 
that is taken up as glycogen due to high tissue 
levels of glucose-6-P. Plasma of hypophysec- 
tomized diabetic animals does not contain as 
much free fatty acid so that both glucose acti- 
vation and glycolysis can proceed at a faster 
rate. These animals are characterized by large 
variations in the rate of glucose utilization due 


to greatly increased sensitivity of transport to 
stimulation by insulin. Increased heart work 
and hypoxia are characterized by activation of 
all three units. The work effect can be blocked 
by high levels of fatty acids but the effect of 
hypoxia cannot. 

Regulation of carbohydrate metabolism in 
skeletal muscle is similar to regulation in heart 
muscle in most respects. The major difference 
is in the extent to which fatty acid oxidation is 
able to inhibit the glucose-activation and gly- 
colytic units. In heart muscle, fatty acid is a 
powerful inhibitor while in skeletal muscle, 
oxidation of this substrate does not account for 
as large a percentage of oxygen consumption 
and does not result in as profound an inhibi- 
tion of carbohydrate metabolism. As a conse- 
quence, skeletal muscle of fasting or diabetic 
animals uses more glucose and stores less gly- 
cogen than heart muscle. 



1 1 / CONTROL OF FATTY ACID 
METABOLISM IN ADIPOSE TISSUE 


Adipose tissue contains the largest store of 
fuel of any tissue in the body The average 
person carries a 40- day reserve which is stored 
as triglycerides (Dole, 1965) The major physio- 
logical function of adipose tissue is mainte- 
nance of blood free fatty acid (FFA) levels to 
insure a constant supply of oxidizable sub- 
strate This function involves 1) removal of 
fatty acids and their precursors from plasma, 
2) storage of these fuels as triglycerides during 
periods of substrate excess, and 3) breakdown 
of triglycerides with release of FFA into the 
plasma during periods of increased energy 
demands or deficiency of exogenous substrates 
The major metabolic pathways that are in- 
volved in fatty acid metabolism in adipose 
tissue are outlined in Figure 7 100 Most of the 
conversion of glucose to fatty acids that occurs 
in the body occurs in this tissue Fatty acids 
which have been synthesized by the liver or 
absorbed by the intestine are also taken up 
and stored as triglyceride Fatty acids are 
present in plasma either as the FFA-albumin 
complex or as triglycerides attached to lipo- 
proteins or present in chylomicrons Lipopro- 
tein lipase hydrolyzes serum triglycerides at 
the capillary membrane to give FFA and glyc- 
erol Upon appropriate metabolic or hormonal 
signals, stored triglyceride which is present in 
the fat cell can be hydrolyzed and the fatty 
acid and glycerol returned to the plasma 
Storage of excess calories in the form of tri- 
glyceride rather than carbohydrate or protein 
has several advantages Oxidation of protein or 
carbohydrate yields about 4 kcal /g , whereas 
oxidation of fatty acids yields 9 kcal /g 
Storage of protein or carbohydrate also re- 
quires accumulation of intracellular water 
while triglyceride may comprise as much as 
90% of the net weight of adipose tissue (Cahill 
et al , 1970) In terms of tissue accumulated 
per calorie, there is about 1 g /kcal for carbo- 
hydrate or protein and about 0 1 g /kcal for 


fat This difference in caloric content is re- 
flected m body weight loss during fasting For 
the 1st day or two a person uses more carbohy- 
drate and protein and looses weight rapidly, 
but upon extended fasting a larger portion of 
the metabolic needs are derived from fatty 
acids and the rate of weight loss decreases 
During even the early stages of fasting, how- 
ever, a major part of the CO 2 produced by the 
body comes from oxidation of fatty acids di- 
rectly or from oxidation of ketone bodies that 
are derived from fatty acids (Fig 7 101) As 
starvation progress, all of the substrate oxi- 
dized by carcass and viscera comes from fatty 
acids and ketoacids while about Vi of the sub- 
strate used by brain is derived from ketoacids 
(Fig 7 102) 

This chapter will be concerned with the reg- 
ulation of fatty acid synthesis, storage, and 
mobilization in adipose tissue by hormonal 
and nonhormonal mechanisms For a detailed 
discussion of this topic, the student is referred 
to two recent publications (Renold and Cahill, 
1965, Jeanrenaud and Hepp, 1970) 

REGULATION OF FATTY ACID 
SYNTHESIS 

Since the function of the adipocyte is 
storage and mobilization of lipids, metabolic 
activity of the cell is specially adapted for this 
function and consequently some regulatory 
mechanisms are more pronounced or even 
unique to this tissue Glucose is the precursor 
of greatest physiological importance for lipid 
synthesis It is used as a source of acetyl CoA, 
energy and reducing power for fatty acid syn- 
thesis, and as a source of a-glycerol-P for fatty 
acid esterification (Fig 7 100) Insulin plays a 
dominant role in regulating lipo genesis by its 
action on glucose transport Low levels of in- 
sulin increase the conversion of ^^C-glucose to 
fatty acids (Fig 7 103) This effect of insulin is 
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Fig 7 100 Pathways regulating fatty acid metabolism in adipose tissue 

associated with an increased glucose uptake ently Other steps in glucose utilization may 
The effect of insulin on fatty acid synthesis is be controlled by hormones For example, epi- 
greatly reduced in fasting animals The mecha- nephrme increases glucose uptake in conjunc- 
nism of the reduction will be discussed pres- tion with activation of lipolysis This effect 
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Fig 7 101 Generalized scheme of daily fuel metabolism in a fasting man (From Cahill et al 1970 ) 



Fig 7 102 Substrate oxidation in fasting man Sche- 
matic representation of the transition from glucose to 
fatty acid utilization by the carcass and viscera and from 
glucose to ketoacids by the brain (From Cahill et al 
1970) 

involves activation of phosphofructokinase by 
decreased levels of adenosine triphosphate 
(ATP) and increased levels of cylic adenosine 
monophosphate (cyclic AMP) This enzyme, 
like that discussed for muscle, is inhibited by 


ATP and citrate and is activated by cyclic 
AMP, AMP, adenosine diphosphate (ADP), 
and Pi (Denton and Martin, 1970) 

Conversion of glucose to pyruvate occurs m 
the cytoplasm Pyruvate enters the mitochon- 
dria where it is converted to acetyl CoA Since 
fatty acid synthesis occurs in the cytoplasm, 
transport of acetyl CoA out of the mitochon- 
dria must occur (Fig 7 100) Mitochondrial 
membranes are impermeable to acetyl CoA 
which necessitates conversion of this lipid pre- 
cursor to other compounds that can penetrate 
the membrane Conversion to acetyl carnitine, 
catalyzed by acetyl CoA-carnitme transferase, 
accounts for only a small per cent of acetyl 
transfer due to low activity of the enzyme The 
major mechanism for transport of acetate units 
involves conversion to citrate which is trans- 
ported to the cytoplasm m exchange for 
malate (Fig 7 100) Citrate is converted to 
acetyl CoA and oxaloacetate in the cytoplasm 
by an ATP-de pendent citrate lyase Transport 
of acetyl CoA from mitochondria to cytoplasm 
does not limit conversion of glucose to fatty 
acid (Flatt, 1970) This conclusion is based on 
the observation that addition of pyruvate in 
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the presence of glucose increases fatty acid 
synthesis indicating that the capacity of mito- 
chondria to synthesize and export acetyl CoA 
IS greater than the rate observed with glucose 
alone 

Oxaloacetate arising from citrate cleavage 
must be transported back into the mitochon- 
dria to sustain citrate synthesis Conversion to 
malate m the cytoplasm, which is then ex- 
changed for more citrate, serves to 1) maintain 
the mtramitochondnal pool of citric acid cycle 
intermediates, and 2) to shuttle reducing 
power into the mitochondria When glucose is 
converted to fatty acids, production of reduced 
nicotinamide adenine dinucleotide (NADH) in 
the cytoplasm exceeds its utilization (Flatt, 
1970) Excess reducing power is transferred to 



Fig 7 103 Incorporation of glucose-C and acetate- 
C into fatty acid by adipose tissue of fed rats or rats 
starved for 48 hr In each pair of columns open areas 
show the incorporation of glucose-C during incubation 
with glucose-U- (left column) or with glucose-U- 
in the presence of unlabeled acetate (right column) 
Incubation with unlabeled glucose and acetate-U-^*C in 
the medium gave the incorporation shown by hatched 
areas these are represented on the top of the right- 
hand column to show the total rate of fatty acid synthesis 
in the presence of the two substrates (From Flatt 1970) 



Fig 7 104 Malate cycle Enzymes involved in the 
cycle are indicated as follows 7) citrate lyase 2 ) malic 
dehydrogenase, 3) malic enzyme 4 ) pyruvate carbox- 
ylase- and 5 ) citrate synthetase (Adapted from Flatt 
1970) 


the mitochondria b> converting oxaloacetate to 
malate m the cytoplasm and malate back to 
oxaloacetate in the mitochondria (Fig 7 100) 
Only a small part of the oxaloacetate formed 
m the cytoplasm by citrate cleavage is needed, 
however, to transfer reducing power into the 
mitochondria (Denton and Martin, 1970) This 
means that there must be other mechanisms 1) 
to get oxaloacetate into the mitochondria for 
citrate synthesis, and 2) to get malate out of 
the mitochondria for countertransfer with cit- 
rate The most important pathway for transfer 
of oxaloacetate into the mitochondria is the 
“malate cycle” (Fig 7 104) Oxaloacetate pro- 
duced in the cytoplasm is converted to malate 
by malic dehydrogenase Malate is then con- 
verted to pyruvate by NADP- malic dehydro- 
genase (malic enzyme) and pyruvate is carbox- 
y la ted via pyruvate carboxylase to yield oxalo- 
acetate in the mitochondria, thus completing 
a cycle This pathway results in transfer of 
reducing power from NADH to NADP in the 
cytoplasm where it can be used for fatty acid 
synthesis The activity of malic enzyme corre- 
lates with the rate of hpogenesis The activity 
is decreased during fasting or diabetes and is 
increased following insulin treatment Malate 
is transferred into the cytoplasm by a separate 
dicarboxylate earner which involves exchange 
with phosphate (Fig 7 100) 

Cytoplasmic acetyl CoA is converted to 
fatty acids by carboxylation to malonyl CoA 
Acetyl CoA carboxylase, the enzyme cata- 
lyzing this reaction, has been proposed as a 
regulator of fatty acid synthesis since under 
some conditions it appears to be controlled by 
tissue levels of citrate (an activator) and fatty 
acyl CoA (an inhibitor) Under most conditions 
where there is a change m the rate of fatty acid 
synthesis, no consistent relationship between 
the levels of these effectors and the rate of 
fatty acid synthesis can be found Regulation 
at this step may be important, however, during 
stimulation of fatty acid synthesis by insulin 
In this instance, triglyceride synthesis is stim- 
ulated through increased levels of a-glycerol-P 
and ATP which results m lower levels of fatty 
acyl CoA These changes may allow acetyl 
CoA carboxylase to proceed faster 
Reducing power for fatty acid synthesis is 
supplied by two processes J) The pentose 
phosphate pathway produces two molecules of 
NADPH for each revolution of the cycle 2) 
Conversion of malate to pyruvate in the 
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“malate cycle” produces one NADPH for each 
acetyl CoA transported out of the mitochon- 
dria (Fig 7 104) Capacity for producing cyto- 
plasmic reducing power during conversion of 
glucose to fatty acid is more than is required 
for fatty acid synthesis (Flatt, 1970) Some of 
the reducing power can be used in the produc- 
tion of «-glycerol-P, but most of the NADH is 
available for ATP production by oxidative 
phosphorylation Unlike most synthetic path- 
ways which utilize energy, conversion of glu- 
cose to fatty acids is an energy-generating 
process and with high levels of insulin, the 
maximal rate of fat synthesis from glucose 
may be limited by the tissue’s ability to utilize 
the excess energy 

TRIGLYCERIDE HOMEOSTASIS 

Synthesis and hydrolysis of triglycerides 
involve separate synthetic and degradative 
pathways that are termed esterification and 
lipolysis, respectively The two pathways form 
a cyclic process of synthesis and breakdown 
which is m a dynamic state at all times (Fig 
7 105) Net release or deposition of FFA de- 
pends on the relative rates of the two path- 
ways Each triglyceride contains 3 molecules of 
fatty acid esterified to the hydroxyl groups of 
one glycerol molecule FFA must be acti- 
vated to form fatty acyl CoA at the expense of 
ATP before esterification occurs The driving 
energy for esterification is furnished by hydrol- 
ysis of these high energy CoA bonds and of the 
high energy phosphate bond of a-glycerol-P 
Hydrolysis of triglyceride yields fatty acid and 
glycerol in a ratio of three to one Enzymati- 
cally, this process occurs m a steplike manner, 
one fatty acid being released at a time A sepa- 


rate enzyme is responsible for each step As a 
group, these enzymes are called lipases 

Regulation of esterification occurs primarily 
by indirect mechanisms related to production 
of substrates ct-glyceroi~P is required for ester- 
ification and must be produced from glucose or 
pyruvate since glycerol kinase, the enzyme 
responsible for direct phosphorylation of glyc- 
erol, is not present in adipose tissue The ac- 
tion of insulin to increase esterification can be 
explained m part by increased levels of a- 
glyceroi-P secondary to increased glucose 
transport and higher levels of dihydroxy- 
acetone-P and NADH Another source of a- 
glycerol-P is by a process called “glycero- 
neogensis” by analogy to gluconeogenesis 
Adipose tissue has the capacity to carry out 
the reactions of the gluconeogenic pathway as 
far as production of fmctose-di-P (Fig 7 100) 
Fructose diphosphatase is not present so that 
formation of glucose or glycogen cannot occur 
The series of reactions involved in glycereo- 
neogenesis is as follows 

P enol pyruvate carboxykmase 

pyruvate -* oxaloacetate 

P-enol pyruvate dihydroxyacetone-P 

I 

a-glycerol-P 

This pathway is probably utilized only during 
glucose deficiency such as starvation or dia- 
betes and functions to protect the cell against 
uncontrolled breakdown of triglycerides (Table 
7 13) Increased conversion of pyruvate to glyc- 
erol is accompanied by increased activity of P- 
enol pyruvate carboxykmase which indicates 
that this enzyme may be an important regu- 
lator of glyceroneogenesis Addition of pyru- 
vate to adipose tissue, in vitro, reduces the 
rate of FFA release by increasing esterification 
which can be accounted for by increased for- 
mation of a-glycerol-P (Reshef et al , 1970) 
Since fructose diphosphatase is not present m 
adipose tissue, conversion of tnose-P to fruc- 
tose-di-P during glyceroneogenesis is unneces- 
sary This conversion is prevented by a decline 
m the activity of aldolase during fasting or 
diabetes 

Fatty acids for esterification are supplied 
from three mam sources. 1) synthesis from 
glucose, 2) uptake from blood, and 3) hydrol- 
ysis of stored triglyceride Regulation of the 
activity of lipoprotein lipase is involved in 
controlling the supply of fatty acids from the 
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Table 7 1 3 

Glyceroneogenesis m adipose tissue in fasting and diabetes 



Pvruxate Incorporation 

Enz\me Acti\it\ 


Treatment 

Fatt> acids 

Gbcerol 

Phosphoenol- 
pvruvate 
carboxv kinase 

Pyruvate 

carboxvlase ehydro- 

genase 

Fed ad libitum 

Fasted, 24 hr 

A.lIo\an diabetic 

nmoles/min 
68 ± 1 0 

2 9 ± 1 0^' 

3 2 := 0 9* 

mg protein 

09 ± 02 

1 7 ± 0 2* 

2 5 ± 0 3* 

nmoLes/min mg protein 

15 i 2 32 2 115 11 

34 i 5* 27 ± 5 94 -8 

48 ± 13* 18 3 55 7^ 


From Shafnr et al 1970 

* Pyruvate incorporation was measured by incubation of rat epididymal fat tissue for 2 hr m buffer con- 
taining ^'‘C-pyruvate To compare the incorporation values with the enzyme activities, all results are ex- 
pressed in nmoles of pvruvate/min mg total tissue protein Values given are means i S E Asterick denotes 
significant difference from control 


blood (Robinson and Wing, 1970) This enzyme 
acts at the capillary endothelium to hydrolyze 
chylomicron and lipoprotein triglyceride to 
free fatty acids and glycerol (Fig 7 100) The 
activity IS increased during incubation of adi- 
pose tissue from starved animals, which ini- 
tially contains low enzyme activity (Fig 7 106) 
This increase can be prevented by including 
inhibitors of protein synthesis in the incuba- 
tion If these inhibitors are added to tissue 
from fed rats which contain high levels of ac- 
tivity, a rapid decline m lipoprotein lipase 
occurs These findings indicate that synthesis 
of new enzyme or cofactor may be involved in 
this control mechanism In addition, insulin 
increases the activity of lipoprotein lipase, and 
epinephrine and other hormones that acce- 
lerate lipolysis inhibit the activity These hor- 
mone effects may involve changes in levels of 
cyclic AMP since addition of the nucleotide 
also inhibits lipoprotein lipase Thus, lipopro- 
tein lipase appears to be controlled by 1 ) rapid 
turnover of a protein component of the 
system, and 2 ) regulation of the activity by 
cyclic AMP Activity is increased during pe- 
riods of excess substrate supply which makes 
more FFA available for esterification and is 
decreased during starvation when hpolysis is 
stimulated in the fat cell 
Hydrolysis of triglyceride is an important 
source of intracellular FFA Increased hpolysis 
stimulates esterification somewhat due to in- 
creased availability of fatty acyl CoA This 
phenomenon is seen when hpolysis is increased 
by epinephrine addition to fat cells Both glyc- 
erol and FFA are released, but glycerol release 
is relatively greater due to re-esterification of a 



Fig 7 106 Rise m clearing factor lipase activity when 
adipose tissue from starved rats is incubated in vitro 
(From Robinson and Wing 1970) 


portion of the FFA (Steinberg and Vaughn, 
1965) This finding emphasizes the cyclical 
nature of the triglyceride homeostatic unit 
Fatty acids that are supplied for esterifica- 
tion from the blood or from stored triglyceride 
must be activated to form fatty acyl CoA This 
reaction requires ATP and yields AMP and P- 
P Hormonal stimulation of hpolysis in fat 
cells IS accompanied by a fall in ATP levels, 
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particularly when glucose is omitted from the 
incubation medium ATP levels increase 
markedly when glucose is added Therefore, 
availability of fatty acyl CoA may be regulated 
m two ways 1 ) by control of the glycolytic and 
fatty acid synthetic pathways, and 2) by con- 
trol of energy production within the cell 

REGULATION OF LIPOLYSIS 

Lipolysis can be regulated in two ways 1 ) by 
an indirect mechanism involving changes in 
the production or removal of the products and 
substrates of the reactions, and 2) by direct 
regulation of lipases FFA is an inhibitor of 
lipolysis Thus, dietary intake of fatty acid, 
increased synthesis from glucose, or hormonal 
activation of lipoprotein lipase will elevate in- 
tracellular levels of FFA and reduce the rate of 
lipolysis Direct hormonal regulation of lipol- 
ysis occurs at the level of the triglyceride li- 
pase This is the rate-limiting enzyme in the 
lipolytic pathway since the hydrolytic rate 
from digiyceride to free glycerol is approxi- 
mately 10 times faster than the rate from tri- 
glyceride to diglycende Therefore, release of 
the first fatty acid is followed by a rapid com- 
plete hydrolysis to FFA and glycerol 

Activity of triglyceride lipase is regulated by 
a large number of hormones (Table 7 14) For 
this reason, triglyceride lipase is referred to as 
“hormone-sensitive lipase ” There are at least 
12 hormones that are known to stimulate lipol- 
ysis m adipose tissue Epinephrine, norepi- 
nephrine, glucagon, adrenocorticotropic hor- 
mone (ACTH), secretin, thyroid-stimulating 
hormone (TSH), and luteinizing hormone (LH) 
are examples of lipolytic hormones The action 
of these hormones is mediated by stimulation 
of adenyl cyclase which results m increased 
levels of cyclic AMP The effect of ACTH and 
glucagon on cyclic AMP levels and the antago- 
nism of this effect by insulin are shown in Figure 
7 107 The contention that lipolytic hormones 
act through increased levels of cyclic AMP is 
supported by the direct effect of cyclic AMP 
to mimic the hormonal effect In addition, 
agents which inhibit phosphodiesterase, the 
enzyme which degrades cyclic AMP, increase 
intracellular cyclic levels and intensify the 
hormonal effect The lipolytic response to hor- 
mones and cyclic AMP reaches maximum 
within a few minutes. In addition to activation 
of triglyceride lipase, lipolytic hormones ac- 


Table 7 14 

Activation of lipase activity by pretreatment of fat pads 
with lipolytic hormones® 


Hormone 

n 

Lipase Activity 
(/mmoles glycerol 
liberated/60 mm 

X g fresh wt ) 

None 

18 

2 49 ± 0 84 

Epinephrine 
lU Mg/ml 

24 

3 98 ± 0 81 

Glucagon 

4 pg/ml 

12 

4 34 ± 0 75 

ACTH 

0 2 U/ml 

7 

7 6 ±04 

TSH 

10 Mg/ml 

3 

58 ±10 


From Loftier and Weiss, 1970 
Lipase activity was estimated by measuring re- 
lease of glycerol 



Fig 7 107 Effects of insulin on cyclic AMP levels 
in fat cells incubated with ACTH or glucagon Caffeine 
was added to minimize destruction of cyclic AMP by the 
phosphodiesterase (From Butcher et al 1968) 

celerate glucose transport and ion fluxes 
across the membrane 

Hormone-sensitive lipase, like many other 
regulated enzymes, exists m active and inac- 
tive forms Activation involves phosphoryla- 
tion of the inactive form that is catalyzed by a 
protein kinase which is dependent upon cyclic 
AMP (Corbin and Krebs, 1969, Hultunen et 
al , 1970) When activation occurs, radioactive 
phosphate from ATP is incorporated into the 
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lipase (Fig 7 108) The time course of phos- 
phorylation parallels that for activation The 
following cycle of activation and inactivation is 
proposed for the hormone-sensitiv^e lipase 


Active lipase 

Phosphatase / (E ~ P) ^ ?ADP 


A (E) / \ATP 

P,"^ mactive lipase \ 


Cyclic AMP- 
dependent 
protein kinase 


The close similarity of this cycle to the cycle of 
reactions involved m control of phosphorylase 
activity (chap 10) should be apparent 

Growth hormone and glucocorticoids also 
increase lipolysis but the mechanisms of action 
are quite different from those described for 
epinephrine and glucagon Growth hormone 
stimulates cyclic AMP production m isolated 
fat cells after a lag of at least 1 hr The hormone 
effect can be blocked by inhibitors of ribo- 
nucleic acid (RNA) and protein synthesis, indi- 
cating that new enzyme formation is involved 
The effect of growth hormone is increased by 
addition of glucocorticoids In addition to po- 
tentiating the effects of growth hormone, gluco- 
corticoids play a “permissive” role in the 
effects of epinephrine, ACTH, and other hor- 
mones on lipolysis 

The major antilipolytic hormone is insulin 
In addition to its effect on glucose transport 
which results m stimulation of hpogenesis, the 
hormone directly inhibits production of free 
fatty acid and glycerol m adipose tissue, even 


Fig 7 108 Time course of activation and phos- 
phorylation of highly purified lipase in the presence of 
rabbit muscle protein kinase Aliquots were removed for 
determinations of lipase activity and protein-bound 
at indicated time intervals (From Hultunen et al 
1970) 
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Fig 7 109 Effects of epinephrine and insulin on free 
fatty acid and glycerol production of adipose tissue 
(From Jungas and Ball 1963 ) 

in the absence of glucose (Fig 7 109) Appear- 
ance of FFA and glycerol occurs at a low rate 
during control incubations, but this rate is in- 
hibited about 50% by insulin Epinephrine 
accelerates production of FFA and glycerol 
and insulin inhibits appearance of both prod- 
ucts This antilipolytic effect of insulin is me- 
diated through a decrease in levels of cyclic 
AMP (Fig 7 107) As a result of reducing 
cyclic AMP levels, insulin also stimulates lipo- 
protein lipase The net effect, therefore, is an 
increase in fat deposition that is accomplished 
by sparing of triglyceride stores, by acceler- 
ating incorporation of plasma tnglycende into 
cell stores, and by accelerating conversion of 
glucose into fat 

INTEGRATED CONTROL OF FAT 
METABOLISM 

Control of fatty acid metabolism in adipose 
tissue serves to maintain a constant supply of 
oxidizable substrate m the plasma The major 
hormones involved in these controls include 
insulin, growth hormone, glucocorticoids, and 
catecholamines Net fatty acid storage or re- 
lease reflects the balance between esterifica- 
tion and lipolysis (Table 7 15) Esterification is 
rapid when insulin, glucose and fatty acid are 
present m plasma in optimal amounts These 
rapid rates result from 1 ) conversion of glucose 
to fatty acid, 2 ) an optimal supply of a-glyc- 
erol-P, and 3 ) increased lipoprotein lipase ac- 
tivity which facilitates uptake of lipid from the 
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Table 7 15 ^ 

Integrated control of fat metabolism during fasting feeding and diabetes 


Physiologic States 

Plasma Levels of 
Hormones and 
Substrates 

Lipolysis 

Esterification 

Fasting, uncontrolled 
diabetes, hypox dia- 
betic treated with 
growth hormone and 
cortisone 

Insulin levels are low 
fatty acid levels are 
high, plasma triglycer- 
ides are high, ketone 
bodies are high 

Stimulated due to re- 
lease of insulin inhibi- 
tion, together with 
higher levels of ste- 
roids and growth hor- 
mone Cyclic AMP 
levels increase 

Slow due to low rate of 
glycolysis and fatty 
acid synthesis a- 
glycerol-P levels are 
low and endogenous 
fatty acid oxidation 
occurs to meet energy 
demands 

Hvpophysectomized 

diabetic 

Insulin, ACTH, corti- 
sone, and growth 
hormone levels are 
low Glucose levels 
may be high 

Slower than uncon- 
trolled diabetic due to 
release of lipase stim- 
ulation by pituitary 
and adrenal cortical 
hormones 

Slow due to low plasma 
insulin Glucose con- 
version to fat im- 
paired 

Caloric excess 

High glucose, fat, and 
insulin 

Slow due to antagonistic 
effects of insulin and 
FFA 

Fast due to increased 
glucose uptake re- 
sulting in conversion 
to a-glycerol-P and 
fatty acid Fatty acid 
taken up and esteri- 
fied 


“ Changes are related to conditions m normal, fed animals 


plasma Under these circumstances, lipolysis is 
inhibited by the antagonistic effects of insulin 
During starvation, insulin levels are low and 
growth hormone levels are elevated As a re- 


sult, lipolysis is more rapid than esterification 
Large changes m the rates of lipolysis and es- 
terification occur in starvation, diabetes, feed- 
ing, and in other hormone-deficiency states 



12 CONTROL OF GLUCONEOGENESIS, 
KETOGENESIS. AND LIPOGENES/S IN 


G ^corteoge^ESss 

The central nervous system, the red blood 
cells, and possibl> other tissues depend almost 
entirely on glucose as an energy source 
Maintenance of adequate glucose levels in the 
blood, on which the life of the animal depends 
during starvation, requires emergency and 
long-term adaptation systems Blood glucose is 
maintained during the postabsorptive state 
first h} the breakdown of liver glycogen (glyco- 
genolysis) and secondly by the process of glu- 
cose formation from nonglucose precursors 
This process is termed gluconeogenesis and is 
quantitatively the more important The rate of 
glucose production by gluconeogenesis can 
vary from 0 to above 300 g /24 hr in the adult 
human subject (Table 7 16) Only liver and kid- 
ney tissue appear to have the enzymatic capac- 
ity to carry out gluconeogenesis (Krebs, 1964, 
Scrutton and Utter, 1968) Based on the differ- 
ence in organ weight and assuming similar 
overall gluconeogenic capacity in both tissues, 
the liver would be expected to contribute 90 to 
95% of the total glucose production by the body 
m the postabsorptive state 

GLUCONEOGENIC PATHWAY 

A diagram of the gluconeogenic pathway is 
shown m Figure 7 110. To gam a clearer defini- 
tion of the important features of the pathway, 
the relationship of glucose synthesis to other 
metabolic processes is not indicated, although 
such interactions may be important in the reg- 
ulation of gluconeogenesis as will be discussed 
later Glucose can be formed from a variety of 
precursors which enter the gluconeogenic 
pathway at different points The pathway rep- 
resents the major means of removing from the 
blood excessive quantities of lactate produced 
by the muscles during exercise and glycerol 
released from adipose tissue during fat mobili- 
7--132 


zation It also represents an important cata- 
bolic pathway for many of the ammo acids 
Gluconeogenic tissues appear to be unique in 
that they possess the enzymatic potential for 
both glucose degradation via the gbcolytic 
pathway and glucose synthesis Although the 
rate of glycolysis in these tissues is assumed to 
be low so that there is little impedance to the 
synthesis of glucose, necessity for the control 
of the direction of glucose metabolism is ob- 
vious The conversion of pyruvate to glucose is 
catalyzed by several of the enzymes of the gly- 
colytic pathway and represents, therefore, a 
reversal of glycolysis There are three steps in 
the glycolytic pathway which are irreversible, 
however, and therefore different enzymes are 
required in order to bypass these steps in tis- 
sues that have gluconeogenic capacity The ir- 
reversible steps often represent the rate-lim- 
iting enzymes m metabolic pathways and pro- 
vide key sites for regulation of glycolytic and 
gluconeogenic flux The thermodynamically 
irreversible steps of glycolysis and gluconeogen- 
esis are shown in Figure 7 111 The enzymes 
that catalyze these steps m glucose synthesis 
from pyruvate are pyruvate carboxylase, phos- 
phopyruvate carboxykmase, fructose -1, 6-di- 
phosphatase and glucose-6-phosphatase Their 
activity is either very low or completely absent 
in all tissues except liver and kidney It can be 
seen in Figure 7 110 that the portion of the 
gluconeogenic pathway between pyruvate and 
phosphopyruvate represents a special problem 
since it involves both intra- and extramito- 
chondnal reactions The enzyme pyruvate car- 
boxylase appears to be compartmentalized 
within the mitochondrion Pyruvate must 
therefore enter the mitochondrion, perhaps by 
a carrier -mediated process, where it is carbox- 
ylated to oxalacetate by pyruvate carboxylase 
Oxalacetate must then be transferred out of 
the mitochondrion, since the enzyme phospho- 
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pvruvate carboxykmase, which converts oxal- 
acetate to phosphopyruvate is located in the 
cvtosol However, the mitochondrial mem- 
brane IS relatively impermeable to oxalacetate 
so that this intermediate must be converted to 
aspartate, malate and/or fumarate which pass 
through the membrane and are reconverted to 
oxalacetate m the cytosol (Lardy, 1966) In the 
case of malate, this may^ also provide a re- 
ducing equivalent shuttle across the mito- 
chondrial membrane The mitochondrial 
membrane is impermeable to reduced nico- 
tinamide adenine dinucleotide (NADH) which 
IS produced during fatty acid oxidation and 


Table 7 1 6 

Gluconeogenesis in the postabsorptive state and after a 
prolonged fast 



Glucose Production 


Rate 

Source 


Liver Kidney 

Postabsorptive 

g /day 
150-300 

>90% <10% 

5 to 6 Week fast 

86 

55% 45% 


From Felig et al , 1970 


which IS used m the conversion of oxalacetate 
to malate In the cvtosol malate is converted to 
oxalacetate yielding NADH which is then 
available to facilitate the conversion of 1,3- 
diphosphoglyceric acid to gl> ceraldehyde 3- 
phosphate (Fig 7 110) 

GENERAL FEATURES OF CONTROL 

The role of gluconeogenesis in the mainte- 
nance of the blood glucose level requires that 
the activity of the pathway is sensitive to 
changes in the hormonal and dietary status of 
the animal Control of gluconeogenesis occurs 
at many levels but the nature of many of the 
control mechanisms is not well-understood 
Studies on the control of gluconeogenesis have 
dealt mainly with the process in liver and the 
material presented here will be limited to re- 
sults obtained wuth this organ In general, con- 
trol may occur in peripheral tissues to alter the 
supply of glucose precursors or effectors (hor- 
mones, fatty acids, etc ) to the liver or may 
operate in the liver to control the uptake of 
precursors or their conversion to glucose 
Rapid alterations in the rate of gluconeogen- 
esis may result from changes in the blood lev- 
els of substrates or hormones reaching the 



Fig 7 110 Diagram of the pathways of gluconeogenesis from lactate pyruvate alanine fructose and dihydroxy 
acetone in the liver A liver cell is represented by the rectangle and a mitochondrion by the circle 


I 



7-134 


= [30Cr. i\£3C ■’■’n.: 


Section 7 


Recycling Reactions Of Gluconeogenesis 

Glucose -2ii^2^G6P 


ATP+F6P 


ATP 
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P-Fructokinose 

c- 
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Pyruvate 


Pyruvo?e 

Corboxylose 


OAA 


PEP 

Corboxykinose 


ATP 

y 

A 'DP 

P If ruga's Knase 


PEP 


Fig 7 111 Thermodynamically irreversible steps of 
glycolysis and gluconeogenesis (From Williamson 1967) 


liver or by allosteric -type regulation of the ac- 
tivity of gluconeogenic enzymes Slower altera- 
tions are observed which result from changes 
m the maximal gluconeogenic capacity of the 
tissue and which represent changes in the rate 
of enzyme synthesis (Weber, 1963) For exam- 
ple, stimulation of gluconeogenesis occurs 
during muscular exercise as a result of in- 
creased lactate production and during starva- 
tion as a result of increased availability of the 
gluconeogenic ammo acids and glycerol How- 
ever, during prolonged exposure to conditions 
requiring elevated rates of gluconeogenesis, 
increases in the maximal capacity of the tissue 
are observed The gluconeogenic flux is also 
regulated by the hormonal balance of the an- 
imal (e g , the rate is increased m diabetes) 
Investigators have used whole animals, iso- 
lated perfused liver and kidney preparations, 
tissue slices, tissue homogenates, mito- 
chondrial preparations, purified enzyme sys- 
tems, and the measurement of adaptive en- 
zyme changes in attempting to understand the 
control of gluconeogenesis (for review, see 
Newsholme and Gevers, 1967) Changes in glu- 
coneogenic rates or capacities observed m the 
whole animal are difficult to interpret since 
both the gluconeogenic and the peripheral tis- 
sues may be involved Isolated perfused organ 
systems offer a number of advantages for study- 
ing the control of gluconeogenesis Hormones 
and substrates are delivered to the cells by the 
normal capillary bed, and therefore a direct 
effect on that tissue can be demonstrated since 
other tissues or organs are not included within 
the circulation In addition, samples of the 
tissue and perfusate can be obtained rapidly 
and with ease for the estimation of enzyme 
activities, metabolic intermediates, and sub- 
strate levels Rates of gluconeogenesis ob- 


served in perfused rat liver and kidne> are m 
the same range as those estimated from 
studies of whole animals and suggest that the 
perfused preparations approximate the in \ivo 
situation 

CONTROL BY SUBSTRATE AVAILABILITY 

Studies of Exton et al (1967, 1970) show 
that the gluconeogenic capacity of the liver is 
not saturated by the concentrations of gluco- 
neogenic precursors normally present in the 
blood, indicating that the rate of glucose syn- 
thesis by the liver could be controlled by varia- 
tions m plasma levels of lactate, pyruvate, 
ammo acid, and glycerol (Fig 7 112 and 7 113) 
When the liver is presented with a mixture of 
physiological substrates at their normal blood 
concentrations, amino acids make the greatest 
contribution to glucose synthesis (Table 7 17) 
Any physiological change which would increase 
the blood lactate above its resting level of 1 
mM should lead to increased glucose forma- 
tion by the liver (Fig 7 113) Increased lactate 
production during exercise and during in- 
creased sympathetic nervous activity would be 



Fig 7 112 Effects of altering concentrations of sub- 
strates within the physiological range on gluconeogene- 
sis Livers from fasted rats were perfused with nonrecir- 
culating medium (From Exton et al 1970 ) 
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Fig 7 113 Relationship between gluconeogenesis 
and lactate or pyruvate concentration Livers from fasted 
rats were perfused with nonrecirculating medium con- 
taining lactate or pyruvate at the concentrations shown 
(From Exton and Park 1967 ) 

accompanied by glucose synthesis, thus mini- 
mizing lactic acidosis and replenishing the 
glycogen stores of muscle and liver This 
process is known as the Con cycle and, al- 
though it IS physiologically important, it does 
not, strictly speaking, lead to formation of 
“new glucose” since lactate is itself derived 
from glucose (Con, 1931) When the dietary 
supply of glucose does not satisfy the meta- 
bolic demands of the animal (e g , starvation, 
low carbohydrate diet), the gluconeogenic sub- 
strates utilized for the synthesis of new glucose 
are 1 ) glycerol released from the triglyceride 
stores of adipose tissue, and 2 ) ammo acids 
denved from muscle protein In this respect 
protein is quantitatively the most important 
source of glucose for survival during fasting 
The fact that hepatic gluconeogenesis can be 
markedly altered by variations m the levels of 
substrates within the physiological range illus- 
trates the importance of regulation of ammo 
acid and glycerol release from peripheral tis- 
sues in control of gluconeogenesis The promi- 
nent role of ammo acids as substrates for glu- 
coneogenesis suggests that the control of their 
release from muscle tissue would provide an 
important point of regulation Net ammo acid 
release from peripheral tissues can result from 
hormonal control of either the rate of protein 


synthesis or the rate of protein degradation 
(chap 13) m that tissue Most studies have 
failed to differentiate between these effects 

Insulin stimulates ammo acid uptake and 
incorporation into protein m muscle and 
lowers the plasma Q?-amino nitrogen level The 
combination of a reduced availability of ammo 
acids to the liver with a direct suppressing ac- 
tion of the hormone on hepatic giuconeogen- 
esis (to be discussed m a subsequent section) 
renders insulin very inhibitory to ammo acid 
gluconeogenesis The increased gluconeogen- 
esis observed with diabetes is undoubtedly 
due partly to the mobilization of tissue protein 
which gives rise to increased plasma levels of 
most ammo acids 

Glucocorticoids exhibit a net protein cata- 
bolic effect in vivo They decrease ammo acid 
uptake and incorporation into muscle protein 
and increase plasma a-ammo nitrogen in evis- 
cerated animals Glucocorticoids also stimu- 
late utilization of ammo acids by liver, but 
their peripheral effects appear to be stronger 
than their hepatic effects since they increase 
the plasma levels of most amino acids in ad- 
renalectomized animals 

Growth hormone increases ammo acid up- 
take and incorporation into protein m muscle 
and decreases plasma a-ammo nitrogen Inhi- 
bition of ammo acid gluconeogenesis would 
therefore be expected, but the hormone has 
been observed to increase hepatic glucose 
output in intact dogs and m the perfused rat 
liver Further studies are necessary to define 


Table 7 17 


Rates of gluconeogenesis from substrates at concentra- 
tions found in rat blood plasma 


Substrate 

Rate of 

Glucose Production 


fimoles/ 

100 g /hr 

Lactate, 1 0 mM 

51 

Pyruvate, 0 1 mM 

12 

Ammo acids“ 

91 

Glycerol, 0 3 mM 

18 

Sum of above 

172 

Mixture of above substrates 

170 


From Exton and Park, 1967 

“ Ammo acids were present at the concentrations 
found in rat blood plasma 
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the effect of growth hormone on ammo acid 
gluconeogenesis 

Effects of epinephrine and norepinephrine 
on peripheral ammo acid release are uncertain 
In fasting, release of amino acids from pe- 
ripheral tissues IS important for hepatic gluco- 
neogenesis The situation seems quite com- 
plex, at least in man (Marliss et al , 1970) 
Eari> m star\ation, the plasma levels of man> 
ammo acids increase and gluconeogenesis is 
activated This indicates increased protein 
catabolism probably due to decreased insulin 
secretion When starvation is prolonged, pro- 
tein is conserved, the plasma levels of most 
ammo acids decline, and gluconeogenesis is 
markedly attenuated The rate-limiting 
process at this time appears to be the release 
of substrate from peripheral tissues since exog- 
enous amino acid is rapidly converted to glu- 
cose, suggesting that hepatic gluconeogenic 
mechanisms remain intact The decreased 
rate of gluconeogenesis during prolonged fast- 
ing IS accompanied by the adaptation of the 
brain to utilize ketone bodies (acetoacetate and 
id-hydroxybutyrate) m addition to glucose 
(Owen et al , 1967) 

Studies of the individual ammo acids as glu- 
coneogenic substrates indicate that alanine is 
the major precursor of glucose in the liver with 
lesser contributions from serine, proiine, threo- 
nine, glutamate, glutamine, and asparagine 
(Ross et al , 1967) Other studies indicate that 
plasma alanine concentrations undergo the 
greatest alterations when release of ammo 
acids from peripheral tissue is affected (Felig 
et al , 1970) These findings have led to the 
proposal of the existence of an “alanine cycle” 
which could be of importance m nitrogen me- 
tabolism As depicted m Figure 7 114, the 
transfer of ammo groups from several ammo 
acids to pyruvate results m the formation of 
alamne m extrahepatic tissues The donor 
ammo acids come from blood or tissue protein 
and pyruvate is formed from blood glucose or 
tissue glycogen Newly formed alanine and 
alanine derived from protein breakdown is re- 
leased and carried to the liver where it is used 
for the synthesis of urea (which is excreted) 
and glucose (which returns to the peripheral 
tissue) This process provides a means by 
which ammo acids can be rapidly catabolized 
m extrahepatic tissues without the release of 
toxic amounts of ammonia 


ALANINE CYCLE 



Fig 7 114 Diagrammatic representation of the 
postulated role of alanine m the transfer of ammo groups 
from extrahepatic tissues to the liver (From Mallette et 
al 1969) 

HORMONAL CONTROL OF 
GLUCONEOGENESIS 

Control of gluconeogenesis by the direct ac- 
tion of hormones on the liver has been studied 
intensively m the isolated perfused rat liver It 
has been possible to demonstrate that several 
hormones act directly at the hepatic level and 
that some of these (glucagon, epinephrine, in- 
sulin) act within seconds or minutes while 
others act more slowly (glucocorticoids) The 
slower effects may involve changes in enzyme 
synthesis while the fast effects involve regula- 
tion of the intracellular level of adenosine 
3',5'-monophosphate (cyclic AMP) This com- 
pound has been implicated in the regulation of 
a number of cellular processes ( chap 1) 

Glucagon plays a major role m the regula- 
tion of blood glucose levels through its effects 
on hepatic gly cogen oly sis and gluconeogenesis 
In fact, it probably has no action of physiolog- 
ical importance outside the liver and pancreas 
The effect of the hormone on glycogenolysis 
was recognized early (for review, see Suther- 
land and Rail, 1960), and recent studies have 
confirmed that glucagon is also an important 
regulator of the gluconeogenic pathway The 
hormone increases the conversion of lactate, 
pyruvate, alanine, and bicarbonate to glucose 
m the perfused liver The effect is apparent 
within 40 sec after addition to the perfusate 
and concentrations of the hormone within the 
physiological range are effective (Fig 7 115) 
The effects of glucagon are thought to result 
from activation of membrane bound adenyl 
cyclase with the ensuing intracellular accumu- 
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lation of cyclic AMP The following lines of 
evidence indicate that the effect of glucagon 
on gluconeogenesis is mediated by increased 
cyclic AMP levels 1 ) the hormone is capable of 
stimulating gluconeogenesis only in concentra- 
tions which increase tissue level of cyclic 
AMP, 2 ) the increase in cyclic AMP precedes 
the activation of gluconeogenesis, 3) direct 
addition of cyclic AMP to the perfusate mim- 
icks the effects of glucagon, and 4 ) exogenous 
cyclic AMP produces the same changes m 
metabolite levels in the gluconeogenic pathway 
as does glucagon (i e , a “crossover point” is 
observed between pyruvate and P-pyruvate, 
the site of the rate-limitmg reactions from lac- 
tate, pyruvate, or alanine gluconeogenesis) 
(Fig 7 116) The stimulatory effects of glu- 
cagon and cyclic AMP on the conversion of 
pyruvate to phosphopyruvate appear to be too 
rapid to involve changes in enzyme synthesis 
As shown in Figure 7 110, the conversion of 
pyruvate to phosphopyruvate is thought to 
mvolve a mitochondrial enzyme, pyruvate car- 
boxylase, and a cytosol enzyme, phosphopyru- 
vate carboxykmase A stimulation could in- 
volve either or both of these enzymes or alter- 
natively could represent a change in the rate of 
flux of intermediates across the mitochondrial 
membrane A direct effect of glucagon or 
cyclic AMP on the activity of either enzyme 
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Fig 7 115 Effects of glucagon on glucose output 
lactate uptake and glucose- synthesis in livers from 
fed rats perfused with nonrecirculating medium contain- 
ing lactate- Glucagon was infused from 20 to 40 
min to produce a concentration 1 X 1 0“®m in the influ- 
ent medium (From Exton and Park 1 968 ) 



Fig 7 116 Effects of glucagon epinephrine and 
cyclic AMP on levels of gluconeogenic intermediates in 
perfused livers from fasted rats Values are expressed as 
percentages of those found in livers perfused with lactate 
alone Concentrations of additions were glucagon 1 x 
10"'®M epinephrine 1 X 10“®m cyclic AMP 1 x 
10“"®M The intermediates listed along the abscissa are 
lactate (LAC) pyruvate (PYR) P-pyruvate (PEP) 2^P- 
glycerate (2PG) 3-P-glycerate (3PG) dihydroxyacetone- 
P (DHAP) glycerol-1-P (GLYP) fructose-1 6-di-P (FDP) 
glucose-6-P (G6P) and glucose (GLU) This is a method 
employed to identify the specific step in the gluconeo- 
genic pathway which is stimulated by glucagon epi- 
nephrine and cyclic AMP Measurement of changes in 
the concentration of intermediates along the pathway 
when the rate of flux is altered should indicate the rate- 
limiting reactions Stimulation of the pathway may lead to 
depletion of substrate proximal to the site of regulation 
and accumulation of substrate distal to this site The 
step at which the change from depletion to accumula- 
tion occurs IS called the crossover point and identifies 
the rate-controlling reaction The data presented in this 
figure indicate that glucagon epinephrine and cyclic 
AMP all enhance the rate of gluconeogenesis by stimu- 
lating the conversion of pyruvate to P-pyruvate (Drawn 
from data presented by Exton and Park 1969) 

has not been demonstrated In addition to 
these effects, glucagon and cyclic AMP stimu- 
late the entry of alanine into the liver cell 
There is some evidence for an effect of cyclic 
AMP on the transfer of substrates across mito- 
chondrial membranes, but the importance of 
this effect has not been examined in detail 
Numerous studies suggest that increased 
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availability of fatty acids coupled to enhanced 
fatty acid oxidation stimulates hepatic gluco- 
neogenesis (Williamson et al , 1966, 1969a, 
1969b) Stimulation of two sites in the gluco- 
neogenic pathway has been implicated 2) 
mitochondrial enzyme, pyruvate carboxylase 
which IS absolutely dependent upon acetyl 
Co A for activity, and 2) the tnose phosphate 
step, glyceraldehyde-P dehydrogenase, which 
requires reduced nicotinamide adenine di- 
nucleotide (NADH) (Fig 7 110) Increased 
amounts of both acetyl Co A and NADH are 
generated during accelerated /d-oxidation of 
fatty acids This has led to the suggestion that 
the effect of glucagon on gluconeogenesis is the 
result of increased fatty acid oxidation due to 
activation of a hepatic lipase enzyme (Struck 
et al , 1965) According to this proposal, gluca- 
gon would increase the intracellular level of 
cyclic AMP which would activate an hepatic 
lipase Increased lipase activity would accel- 
erate hydrolysis of endogenous triglyceride 
and enhance ^-oxidation of fatty acids and re- 
sult in generation of both acetyl CoA and 
NADH The following lines of evidence sup- 
port this proposal 1) glucagon pretreatment 
reduces hepatic fat content and increases 
lipase activity of crude liver homogenates, 2) 
addition of fatty acids to isolated liver prepa- 
rations can stimulate gluconeogenesis under 
some conditions, and 3) acetyl CoA levels cor- 
relate with the rate of gluconeogenesis 

Although this proposal is held m high es- 
teem by a number of investigators, others 
question it as an adequate explanation of the 
gluconeogenic action of glucagon The fol- 
lowing findings do not fit with the proposal 2) 
glucagon frequently has no effects on ketogen- 
esis even though it markedly stimulates glyco- 
genolysis and gluconeogenesis, 2) fatty acids 
are never as effective as glucagon in stimu- 
lating gluconeogenesis in the perfused liver 
even though they increase ketogenesis to a 
much greater degree than does glucagon, 3) the 
gluconeogenic effect of fatty acids is additive 
with that of glucagon, and 4) fatty acids pro- 
duce different changes m the levels of gluco- 
neogenic intermediates than does glucagon It 
seems likely that further research will deter- 
mine which mechanism is of physiological 
importance 

An additional possibility for the site of ac- 
tion of glucagon is the pyruvate dehydrogenase 
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complex Recent evidence suggests that this 
enzyme exists m an active dephosphorylated 
form and that its activity disappears upon 
phosphorylation (Lmn et al , 1969) According 
to this scheme, cyclic AMP would activate the 
protein kinase responsible for phosphorylatmg 
the active form of the enzyme to render it in- 
active Thus, cyclic AMP would dimmish 
carbon flow through pyruvate dehydrogenase 
and direct it toward glucose synthesis How- 
ever, attempts to demonstrate such an effect 
of cyclic AMP have not been successful to 
date 

Effects of epinephrine and norepinephrine 
on glycogenolysis and gluconeogenesis are sim- 
ilar to those produced by glucagon and are 
thought to involve the same mechanisms of 
action (i e , via cyclic AMP) The concentra- 
tions of epinephrine and norepinephrine re- 
quired to elicit maximal effects in the perfused 
liver are considerably higher than the observed 
plasma levels of these hormones, raising the 
possibility that hepatic glucose production 
may not be controlled by circulating levels of 
catecholamines as has been suggested How- 
ever, this does not negate the important role of 
the sympathetic nervous system in the regula- 
tion of glucose output by the liver m which 
catecholamine is released from sympathetic 
nerve endings 

Insulin inhibits gluconeogenesis As men- 
tioned earlier, it diminishes the supply of glu- 
coneogenic substrates from tissues such as 
muscle and fat and, m addition, the hormone 
directly inhibits glucose synthesis m the liver 
Insulin deficiencv (diabetes) and short-term 
starvation (a relative insulin lack) cause in- 
creased gluconeogenesis The mechanisms in- 
volved in these effects were suggested from 
studies using animals made acutely diabetic 
by injection of anti-insulin serum (Jefferson et 
al , 1968) Perfused livers from rats treated 
with anti-insulm serum showed increased rates 
of glycogenolysis and gluconeogenesis and 
these effects were abolished by insulin addi- 
tion in vitro The similarity of the effects pro- 
duced by anti-insulm serum to those caused by 
exogenous cyclic AMP led to an investigation 
as to whether these effects resulted from an 
m crease m the tissue level of cyclic AMP It 
was found that anti-insulin serum caused a 
progressive rise m liver cyclic AMP over 1 hr 
of treatment which persisted during a subse- 



ChBpter 12 


G coniSoceret&b 


quent perfusion Insulin added to the perfusate 
reduced the elevation m cyclic AMP caused by 
anti-msulm serum treatment and produced a 
small reduction in the level of the nucleotide 
m livers from untreated animals It was also 
tound that liver cyclic AMP levels m vivo were 
doubled when diabetes was induced by alloxan 
and were increased by 60% by starvation but 
could be rapidly lowered to normal by insulin 
injection These studies suggest that insulin 
can exert direct inhibitory effects on gluconeo- 
genesis and glycogenolysis by lowering the 
level of cyclic AMP Other hepatic actions of 
insulin may also be related to the reduction in 
cyclic AMP but this is uncertain at this time 
In addition, these studies suggest that the 
stimulation of gluconeogenesis during diabetes 
and short-term starvation can be ascribed 
partly to the increase m cyclic AMP However, 
changes in the levels of enzymes also play an 
important role in the long-term adaptations of 
diabetes and starvation 

A role for the glucocorticoids in the regula- 
tion of hepatic glucose synthesis was suggested 
by early studies which showed that the fatal 
hypoglycemia of fasted adrenalectomized ani- 
mals was due to a failure of gluconeogenesis 
The mechanism of action of adrenal steroids 
on gluconeogenesis is unclear, however As dis- 
cussed earlier, glucocorticoids influence the 
flow of glucogenic substrates to the liver In 
addition they appear to have direct effects on 
liver The direct effects of adrenal steroids on 
the liver may mvolve changes m enzyme syn- 
thesis Recent studies have shown that adrenal 
deficiency has little effect on gluconeogenesis 
in fed animals but causes the pathway to be 
unresponsive to the elevated level of cyclic 
AMP associated with starvation and diabetes 
This has led to the suggestion that adrenal ste- 
roids exert mainly a “permissive action” on 
gluconeogenesis so that their effects do not 
become evident unless the tissue level of cyclic 
AMP is increased as a result of another hor- 
mone action (eg, glucagon) The following 
evidence supports this suggestion 1 ) glucagon 
IS meffective in stimulating glucose synthesis 
m livers from fasted adrenalectomized rats, 2 ) 
treatment with glucocorticoids in vivo or in 
vitro restores to normal the gluconeogenic re- 
sponse to glucagon, and 3 ) the activation of 
adenyl cyclase by glucagon is not impaired in 
the absence of glucocorticoids 
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Growth hormone, thyroxine, and other hor- 
mones may play a role in the regulation of glu- 
coneogenesis but their mechanisms of action 
are not known at this time 

Ketogenesis is the term applied to the meta- 
bolic process involving the production of the 
ketone bodies, acetoacetate, acetone, and ^- 
hydroxybutyrate It is a normal function of the 
liver to produce these metabolites for periph- 
eral utilization Whenever ketogenesis by the 
liver exceeds ketone body utilization by other 
tissues, these compounds accumulate m the 
extracellular fluid leading to a state termed 
ketosis This situation has important clinical 
significance since high levels ot ketone bodies 
cause acidosis and exert toxic effects on tis- 
sues such as the brain On the other hand, the 
aoility of the liver to produce ketone bodies in- 
stead of carbon dioxide as an end product of 
metabolism has important physiological sig- 
nificance in coordinating the energetic needs 
of the organism as a whole Acetoacetate and 
/S-hydroxybutyrate are used by muscle and 
perhaps other tissues as a source of energy m 
preference to other substrates Therefore, from 
a physiological point of view, the liver is con- 
verting the energy available in long-chain fatty 
acids to a more readily utilizable nutrient for 
other tissues 

The metabolic pathway for ketogenesis in 
the liver is shown in Figure 7 117 It can be 
seen that ketogenesis is inseparable from the 
jd-oxidation of fatty acids and that the enzy- 
matic machinery is localized mainly within the 
mitochondria (Bressler, 1963, Wieland, 1968) 
Acetyl CoA, an intermediate derived mainly 
from the j8-oxidation of long-chain fatty acids, 
is the immediate precursor of acetoacetate 
Formation of the ketone bodies is initiated by 
the condensation of two molecules of acetyl 
CoA to form acetoacetyl CoA This step is cat- 
alyzed by the enzyme /3-ketoacylthiolase- The 
next step m the enzymatic formation of aceto- 
acetate involves the condensation of another 
molecule of acetyl CoA with acetoacetyl CoA 
to give ^-hydroxy-jd-methyl-glutaryl-CoA 
(HMG-CoA) Enzymatic cleavage of this mole- 
cule yields acetoacetate and acetyl CoA This 
process is called the HMG-CoA cycle 

The other two ketone bodies are derived 
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Fig 7 117 Diagram of the pathways of ketogenesis from fatty acids in the liver 


from acetoacetate Acetone apparently origi- 
nates by spontaneous decarboxylation of aceto- 
acetate Reduction of acetoacetate in the 
NADH-dependent reaction catalyzed by the 
enzyme jS-hydroxybutyrate dehydrogenase 
gives rise to jS-hydroxybutyrate This com- 
pound comprises 65 to 75% of the total ketone 
bodies present m blood 

Before acetoacetate can enter oxidative me- 
tabolism in peripheral tissues, it must be reac- 
tivated to acetoacetyl CoA by an enzymatic 
conversion involving succmyl CoA The liver is 
relatively incapable of carrying out this reac- 
tion For peripheral utilization, /3-hydroxy- 
butyrate IS oxidized to acetoacetate which then 
undergoes the reactions described above 

In general, the production of ketone bodies 
is stimulated whenever the availability of car- 
bohydrate IS relatively (eg, diabetes) or abso- 
lutely (e g., fasting) deficient The degree of 
ketosis that develops depends on the dispro- 
portion between fat catabolism and carbohy- 
drate utilization A number of circumstances 
which may contribute to the development of 
ketosis are listed m Table 7.18 It is clear that 
the rate of ketone body production is a func- 
tion of I) the rate of mobilization of free fatty 
acids from adipose tissue, 2 ) the rate of uptake 


and accumulation of lipid by the liver, 3 ) the 
rate of fatty acid oxidation in relation to car- 
bohydrate availability in the liver, and 4 ) the 
rate of carbohydrate utilization by all the tis- 
sues of the body In addition, the blood con- 
centration of ketone bodies is a function of the 
rate of their utilization by muscle and other 
extrahepatic tissues Therefore, ketogenesis 
and the development of ketosis may be af- 
fected by regulation at a number of levels 
Since the liver takes up triglycerides and fatty 
acids in proportion to their concentrations in 
the blood, any of the factors which control the 
release of fatty acids from adipose tissue would 
be involved in the regulation of ketogenesis 

Lipogenesis 

During feeding there is need to store much 
of food energy for use in the postabsorptive 
state by converting it to fat, an energy store 
form Lipogenesis is the process concerned 
with conversion of glucose and metabolites 
such as pyruvate and acetyl CoA to triglyc- 
eride (Fig 7 118) Smce gluconeogenesis and 
lipogenesis share all of the reversible enzymes 
between phosphopyruvate (PEP) and glucose- 
6-P, it is apparent that when one process is 
active the other must be suppressed 
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In the fed state, blood levels of glucose and 
insulin are high and there is decreased availa- 
bility of fatty acids to the liver These condi- 
tions favor restraint of gluconeogenesis and 

Table 7 18 
Causes of ketosis" 

1) Carbohydrate deficiency or loss, hypoglycemia 

a) High fat, low carbohydrate diet 

b) Starvation 

c) Insulin hypoglycemia 

d) Renal glycosuria 

e) Glycogen storage disease 

2) Increased metabolic requirements 

a) Pregnancy 

b) Lactation 

c) Rapid growth 

d) Convalescence and wound healing 

e) Vigorous exercise 
D Cold exposure 

g) Fever 

h) Hyperthyroidism 

3) Metabolic blocks 

a) Diabetes mellitus 

h) Sodium fluoroacetate, malonate, NH4CI 


From Engel and Amatruda, 1963 
“A list of some of the circumstances in which 
lipid catabolism is disproportionately great m rela- 
tion to carbohydrate utilization and in which, there- 
fore, ketosis may be expected to occur 


provide more substrate for hpogenesis by in- 
creasing intracellular glucose concentrations in 
the liver An increased phosphorylation of glu- 
cose by glucokmase yields glucose-6-P which is 
converted to pyruvate Pyruvate enters the 
mitochondria and undergoes oxidation to 
acetyl CoA, the major substrate for fat syn- 
thesis Since acetyl CoA does not diffuse 
readily into the cytosol, where fatty acid syn- 
thesis occurs, it must be converted to citrate 
by condensation with oxaloacetate within the 
mitochondria Conversion of pyruvate to acetyl 
CoA, rather than to oxalocetate, is favored by 
the low mtramitochondrial acetyl CoA levels 
that exist in the fed state Decreased availa- 
bility of fatty acids to the liver results in a fall 
in intracellular fatty acyl CoA concentration 
which in turn leads to decreased intramito- 
chondrial oxidation of fatty acids and a fall m 
mtramitochondrial acetyl CoA levels This 
favors a decrease in the activity of pyruvate 
carboxylase, the enzyme responsible for cata- 
lyzing formation of oxaloacetate, and a release 
of inhibition of pyruvate dehydrogenase, which 
allows for more rapid formation of acetyl CoA 
and subsequently citrate Citrate is trans- 
ported into the cytosol where it is cleaved to 
acetyl CoA and oxaloacetate by the citrate 
cleavage enzyme This enzyme, in addition to 
providing acetyl CoA for cytoplasmic fat syn- 


HITOCHONDRIAL 



Fig 7 118 Control of the lipogenic pathway Conditions favoring hpogenesis 1) increased glucokmase activity 
decreased availability of fatty acids 3) pyruvate carboxylase activity decreased. 4) pyruvate dehydrogenase inhibi- 
tion released 5) citrate synthetase active 6) citrate cleavage enzyme 7) acetyl-CoA carboxylase inhibition released 
8} malic enzyme active 9) initiation of transhydrogenase sequence yielding TPNH 10) pentose phosphate shunt 
pathway active yielding TPNH 1 1) rapid generation of a-glycerophosphate (From Tepperman and Tepperman 1970 ) 
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thesis, functions together with the NADP-re- 
requiring malic enzyme to retrieve pyruvate for 
recycling and to produce NADPH which is re- 
quired to supply reducing equivalents for iipo- 
genesis. Additional NADPH is generated 
through the pentose shunt. 

The rate-limiting reaction in the lipogenic 
pathway is catalyzed by acetyl Co A carbox- 
ylase. This enzyme is competitively inhibited 
by high intracellular concentrations of fatty 
acyl CoA esters. Since these decrease in the 
fed state, inhibition of acetyl CoA carboxylase 
is released and fatty acid synthesis is favored. 
Inhibiting concentrations of fatty acyl CoA do 
not accumulate during active fatty acid syn- 
thesis because the rapid rate of generation of 
a-glycerophosphate favors sequestration of 
newly synthesized fatty acids into triglyceride. 


The rate of lipogenesis is controlled by the 
nutritional state of the animal. The rate is 
high in the fed state and is depressed during 
restricted food intake, by a high fat diet, or by 
a deficiency of insulin, as in diabetes. The 
steps that are numbered in Figure 7.118 indi- 
cate acute changes which favor an increased 
rate of lipogenesis. In fasting, lipogenesis is 
inhibited by 1 ) decreased availability of glu- 
cose and decreased glucokinase levels; 2 ) de- 
creased availability of a-glycerophosphate; and 
3 ) increased levels of fatty acyl CoA which in- 
hibits acetyl CoA carboxylase and provides for 
higher intramitochondrial levels of acetyl CoA. 
In addition to these acute mechanisms, the 
rate of lipogenesis can be affected by changes 
in synthesis of other enzymes in the pathway. 



\3/ HORMONAL CONTROL OF GROWTH 
AND PROTEIN METABOLISM 


Hormonal control of protein and nucleic 
acid metabolism is expressed in the growth of 
single cells, organs, and the body Effects of 
hypophysectomy, thyroidectomy, and castra- 
tion to retard growth indicate that hormonal 
control IS extensive With the exception of 
growth hormone, structure, synthesis, release, 
and general metabolic effects of these hor- 
mones have been considered in earlier chap- 
ters In this chapter, control of growth and 
protein metabolism will be discussed, and gen- 
eral features of the action of growth hormone 
will be described 

GROWTH HORMONE 

Growth hormone is synthesized and stored 
in acidophilic cells of the anterior pituitary 
Secretion granules containing the hormone 
have been isolated Release of hormone by 
these cells is controlled by growth hormone- 
releasing factor (GRF) (chap 2) Human 
growth hormone is made up of 188 ammo acids 
and has a molecular weight of 21,500 (Fig 
7119) Development of an immunoassay for 
growth hormone has permitted studies of var- 
ious factors that control growth hormone re- 
lease by GRF These factors fall into three 
groups 1) Decreased energy supply, as encoun- 
tered in fasting, exercise and hypoglycemia, 
increases plasma growth hormone levels in di- 
rect relation to the fall in blood sugar (Fig 
7 120) Release of growth hormone in situations 
of reduced energy supply results in release of 
fatty acid from adipose tissue and reduction in 
glucose utilization by muscle through restramt 
of membrane transport and intracellular glu- 
cose phosphorylation Patients that lack pitui- 
tary function have a prolonged period of hypo- 
glycemia following insulin administration (Fig 
7 121) Treatment with cortisone and thyroxine 
partially restores this defect, but growth hor- 
mone is required for a rapid return of blood 
sugar toward normal 2) Increased levels of 


plasma ammo acids resulting from protein 
feeding or intravenous injection of ammo acids 
increase plasma levels of growth hormone Ar- 
ginine is particularly potent m its ability to 
release growth hormone, and, as shown m 
Figure 7 122, infusion of arginine increases 
plasma growth hormone levels to the same 
extent as insulin hypoglycemia Release of 
hormone in response to higher plasma levels of 
ammo acids favor increased synthesis of pro- 
tein and returns plasma ammo acid levels to 
normal by facilitating entry of these com- 
pounds into cells 3) Stress, such as surgical 
procedures, increases growth hormone release 
(Baylis et al , 1968) 

Growth hormone is required for normal 
growth during adolescence Small stature may 
result from many factors, however, including 
nutritional, genetic, and other types of hor- 
monal unbalance Deficiency of growth hor- 
mone results in dwarfism, while overproduc- 
tion causes gigantism Gigantism due to growth 
hormone is characterized by uniform growth of 
all body components The extent of growth 
hormone deficiency in children of short stature 
can be estimated by stimulation of growth 
hormone secretion with infusions of arginine or 
insulin Peak levels of growth hormone that are 
achieved are an index of the adequacy of secre- 
tion (Parker and Daughaday, 1968) Treatment 
of hormone-deficient patients with human 
growth hormone increases growth from 1 to 2 
cm /year to 7 to 12 cm /year Since effects of 
growth hormone are species specific, bovine or 
porcine hormone have little or no effects on 
growth in man 

Excessive growth hormone secretion m adult 
life results in a condition known as acrome- 
galy This condition is characterized by 1) m- 
creased plasma levels of growth hormone (from 
0 to 4 to 10 to 600 mjag /ml ), 2) overgrowth of 
the bones of hands, feet, and face; and 3) over- 
growth of viscera, hair, and soft tissues of the 
body An adenoma of the anterior lobe of the 
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Fig 7 119 Ammo acid sequence of human growth hormone Human growth hormone is a single polypeptide 
chain with two disulfide bridges When the disulfide bridges are reduced with mercaptoethanol in 8M urea and alky- 
lated with lodoacetamide no loss of growth-promoting activity is found After partial digestion of the molecule with 
either pepsin or chymotrypsin biological activity in unchanged These findings suggest that it may be possible to 
synthesize a smaller peptide with growth-promoting activity (From Li 1 968 ) 



Fig 7 120 Effect of insulin hypoglycemia (0 05 
units/kg body weight) on HGH concentration in plasma 
in a healthy subject (From Luft and Cerasi 1968 ) 


pituitary is usually responsible for the hyperse- 
cretion of hormone Increased length of the 
long bones does not occur since the epiphyseal 
plates are already fused. Glycosuria and hyper- 
glycemia are common and a condition indis- 
tinguishable from diabetes of pancreatic origin 
may be present. The acromegalic patients that 
develop hyperglycemia have a hereditary pre- 
disposition to diabetes and are unable to re- 
spond to the increased demands for insulin 
with an increased rate of secretion 

Biological actions of growth hormone include 



Fig 7 121 Insulin tolerance test (0 05 units/kg 
body weight) in a patient with panhypopituitarism 7) 
without replacement 2 ) on cortisone 4- thyroxine 3 ) on 
cortisone -f thyroxine -H growth hormone (From Luft 
and Cerasi 1968) 

a Wide range of effects that cannot be ex- 
plained by a single action of the hormone 
Addition of growth hormone to isolated muscles 
or adipose tissue of hypophysectomized rats 
accelerates entry of both ammo acids and 
sugars into the cell (Fig 7 123) These effects 
are much less marked when muscles from 
normal animals are used These “msulin-like” 
effects of growth hormone may have little or 
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Fig 7 122 Comparison of peak growth hormone 
concentration of serum following insulin induced hy- 
poglycemia and arginine infusion (From Parker et al 
1967) 



Fig 7 123 Effects of growth hormone in vitro on 
the uptake of a-aminoisobutync acid (AIB-^'^C) and of 
D-xylose-^‘^C by isolated diaphragms from normal and 
hypophysectomized rats (From Ahren and Hjalmarson 
1968) 

no physiological signi:5cance Administration 
of growth hormone to hypophysectomized rats 
for longer times decreases the sensitivity of 
glucose transport to stimulation by insulin 
(Fig 7 124) This effect is potentiated by the 
simultaneous administration of hydrocortisone 
An additional factor responsible for the diabet- 
ogenic effect of growth hormone is a block in 
glucose phosphorylation Even if sufficient 
msulin IS administered to overcome the insen- 
sitivity of transport to insulin, glucose utiliza- 
tion IS restrained by the block in phosphoryla- 
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in vitro 

Fig 7 124 The late effect of growth hormone (GH) 
and hydrocortisone (Cort) in vivo on the sensitivity of 
transport to insulin as measured by L-arabinose accumu- 
lation Growth hormone was injected into hypophysec- 
tomized rats in a dose of 0 1 mg /1 00 g and cortisone 
in a dose of 2 5 mg /1 00 g 24 hr before the heart was 
removed for testing (From Park et al 1961 ) 



Intracellular glucose (mg/100 ml ) 

Fig 7 125 Effects of alloxan diabetes hypophy- 
sectomy growth hormone and hydrocortisone on the 
kinetics of glucose phosphorylation in the perfused 
heart Where indicated growth hormone (GH) and hydro- 
cortisone (Cort) were injected over a 24-hr period be- 
fore removal of the hearts for testing (From Morgan et 
al 1961> 

tion As seen in Fig 7 125, phosphorylation 
activity IS normal in the heart of hypophysec- 
tomized diabetic rats but is impaired m the 
heart of intact diabetic rats A severe block in 
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glucose 

Fig 7 126 The effect of human growth hormone on 
glucose tolerance plasma free fatty acid (FFA) and 
insulin in a human subject (From Kipnis 1965) 

phosphorylation develops when hypophysec- 
tomized diabetic rats are treated with growth 
hormone and hydrocortisone Since fatty acids 
reduce insulin sensitivity of glucose transport 
and block glucose phosphorylation (chap 10) 
impairment of these steps in growth hormone- 
treated animals may be related to the lipid- 
mobilizing effects of growth hormone Admin- 
istration of human growth hormone to normal 
men for 3 hr increases plasma levels of free 
fatty acids (Fig 7 126) When a glucose toler- 
ance test follows, plasma glucose increases to 
higher levels in hormone-treated subjects than 
in controls, despite higher plasma levels of 
insulin The return of plasma glucose to basal 
levels IS slower after hormone treatment, 
which indicates a reduced sensitivity to in- 
sulin Whether growth hormone also has direct 
effects on muscle to control the rate of glucose 
transport and phosphorylation is undecided 

Effects of growth hormone to accelerate 
growth appear to involve stimulated rates of 
nbonucleic acid (RNA) and protein synthesis 
These effects will be discussed along with the 
effects of other hormones on these pathways. 
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Fig 7 127 Relationship between nuclear number in 
the musculature is shown with chronological age for 
boys and girls Clearly the male adolescent growth spurt 
IS more remarkable and associated with increase of nu 
clear number (From Cheek and Hill 1970) 

CONTROL OF CELLULAR GROWTH 

Growth depends upon either an increase in 
the number (hyperplasia) or size (hypertrophy) 
of body cells Some tissues, such as muscle, 
loose the capacity for cell division while other 
tissues, such as liver, retain this capacity m 
adult life Since the size of any cell is limited, 
growth due to increments in the number of 
body cells is more striking An increase in cell 
size and number accounts for growth of mus- 
cles during adolescence (Cheek and Hill, 1970) 
As seen in Figure 7 127, the adolescent growth 
spurt in boys is accompanied by an increase in 
number of muscle nuclei as compared to girls 
On the other hand, muscle cell size increases 
more rapidly in girls and by 10 years of age, 
the girl has attained maximal size for muscle 
cells The boy does not catch up until 15 years 
of age (Fig 7 128) Ovariectomy produces a 
pattern of muscle growth characteristic of the 
male in rats while adrenalectomy and castra- 
tion of the male retard cell growth to some 
extent 

Cell size and number are controlled by 
growth hormone, insulin, and thyroxine Rats 
that are hypophysectomized have reduced 
numbers of muscle cells (Table 7 19) Simi- 
larly, reduced numbers of nuclei are found in 
muscle of boys with pituitary insufficiency An 
increase in cell number and decrease in cell 
size result from injections of growth hormone 
Children with hypothyroidism also have re- 
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duced numbers of muscle cells and larger cells 
These changes can be reversed by treatment 
with thyroxine On the other hand, treatment 
with insulin does not decrease cell size In 
liver, both insulin and growth hormone in- 
crease weight, RNA, and protein, but only 
growth hormone produces a larger increase in 
deoxyribonucleic acid (DNA) These findings 
suggest that insulin is the key to cytoplasmic 
growth while growth hormone is required for 
nuclear proliferation 

turnover of cell protein 

Cytoplasmic growth is determined by the 
turnover of cell protein Turnover is controlled 
by factors affecting both protein synthesis and 
degradation (Fig 7 129) Since half-lives of 
protein in mammalian cells (4 to 6 days) are 



Fig 7 128 Muscle cell size (protein-to-DNA) is 
related to body size (muscle mass) for boys and girls 
during growth Note that growth by increments in cell 
size IS less remarkable than by nuclear number in- 
crease Note also that females accelerate the growth of 
muscle cell size faster than boys although the latter 
eventually catch up (From Cheek and Hill 1970) 


far shorter than half-lives of the cells, changes 
in these rates will influence cell size, protein 
concentration, and the nature of protein De- 
finitive demonstrations of continual protein 
turnover were not made until radioactive 
tracer methods became available in the late 
1930’s (Schoenheimer and Rittenberg, 1940, 
Schoenheimer, 1942) Radioactive ammo acids 
have been used to investigate the effects of 
hormones on protein turnover as exemplified 
by studies in hypophysectomized rats using 
^'‘C-leucme (Goldberg 1969a) Muscle protein 
was labeled by a single injection of tracer 48 
hr prior to induction of muscle growth Reten- 
tion of radioactivity m the protein is regulated 
by the rate of protein degradation while the 
fall in specific activity of prelabeled protein is 
controlled by the rate of protein synthesis 
Contrasting effects of work-induced and hor- 
mone-induced growth are shown in Figure 
7 130 Both factors increase size of the soleus 
but only work-induced growth is associated 
with increased retention of radioactivity in 
muscle protein Both factors decrease the spe- 
cific activity of muscle proteins These studies 
indicate that work-induced growth of the so- 
leus involves both inhibition of protein degra- 
dation and stimulation of protein synthesis 
Growth hormone appears to affect only the 
rate of synthesis 

Decrease m muscle size occurs rapidly fol- 
lowing disuse or denervation or following ad- 
ministration of large doses of adrenal steroids 
For atrophy to occur, protein degradation must 
exceed protein synthesis Decreased size of 
soleus and plantaris is seen following denerva- 
tion or cortisone treatment (Fig 7 131) In 
each case, these factors facilitate degradation 


Table 7 19 

Hypophysectomized rats — effect of hormone therapy® 


Animal 

Muscle 


Liver 


Protein to 
DNA 

No nuclei in 
muscle mass 

Total 

protein 

Total 

DNA 

Protein to 
DNA 


mg Jg 

N X 10^ 

mg 

mg 

mg ! mg 

Intact 

135 

6 01 




Hypox 

184 

4 46 

641 

11 4 

56 3 

Hypox + GH 

153 

806 

937 

18 7 

517 

Hypox -h Ins 

175 

5 29 

903 

13 2 

68 7 


From Cheek and Hill, 1970 

“ Cell size IS indicated by the protein DNA ratio, and cell number by the nuclear count 



7-148 


1 . 


Section 7 


Metabolic Intermediates, 



Fig 7 129 Steps involved m control of cell protein levels In this scheme synthesis of protein from the intracell- 
ular ammo acid pool is considered to consist of the following steps f) activation of ammo acids 2) initiation of peptide 
chains on ribosomes and 3) elongation and termination of peptide chains Ammo acids may be added to this pool 
either by /) membrane transport 2) intracellular synthesis from metabolites or 5) protein degradation 


of prelabeled protein Since the specific ac- 
tivity of the protein from denervated or corti- 
sone-treated muscle IS as high as the controls, 
inhibition of protein synthesis is indicated 
Inhibition of protein synthesis in steroid- 
treated animals may involve reduced rates of 
ammo acid transport (Kostyo and Redmond, 
1966) and of subsequent incorporation into 
protein (Wool and Weinshelbaum, 1959, Kor- 
ner, 1967). 

Insulin inhibits protein degradation in skel- 
etal muscle and liver Decreased release of free 
amino acids from the forearm of postabsorp- 
tive man follows infusion of insulin into the 
brachial artery (Pozefsky et al , 1969) Insulin 
and free ammo acids retard protein degrada- 
tion m the perfused rat liver (Mortimore and 
Mondon, 1970, Woodside and Mortimore, 
1970) Effects of the hormone on protein syn- 
thesis will be discussed later in this chapter 

PROTEIN DEGRADATION 

Protein degradation involves essentially all 
cell proteins, structural and enzymatic, and 
occurs within the cells Rates of degradation 


can vary markedly from one enzyme to an- 
other and can be altered by availability of sub- 
strate and other factors (Schimke, 1970) The 
rate is determined by properties of the protein 
as a substrate for a nonspecific degradative 
system as indicated by the first order relation- 
ship between rate and protein concentration 
Changes m the distribution of substrates and 
cofactors such as occur under various hormonal 
and nutritional conditions may lead to a va- 
riety of effects on specific enzymes to alter the 
rate of degradation Schimke et al (1964) pro- 
vided the first clear example that substrate 
could modify the rate of degradation when 
tryptophan was found to retard degradation of 
tryptophan pyrrolase 

The biochemical systems involved in protem 
degradation are poorly understood at present 
Lysosomes have been shown to digest phago- 
cytized material as well as intracellular protem 
in viable cells (deDuve and Wattiaux, 1966, 
deReuck and Cameron, 1963) Increased acid 
phosphatase, a lysosomal enzyme, is present 
within the fibers of denervated muscle On the 
other hand, increased proteolysis in muscle of 
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Fig 7 130 Effects of work hypertrophy and growth hormone on labeled proteins in soleus muscles of hypophy- 
sectomized rats Animals were sacrificed 6 days after unilateral tentomy of the gastrocnemius Results are compared 
with contralateral control Growth hormone was injected for 7 days and results compared to untreated hypophysec- 
tomized animals (From Goldberg 1969a) 


cortisone-treated animals is not associated 
with increased activity of acid hydrolases (Bu- 
chanan and Schwartz, 1967) In contrast, these 
enzymes are raised m muscle extracts immedi- 
ately following adrenalectomy These observa- 
tions suggest that increased protein catabolism 
induced by denervation and cortisone is medi- 
ated by different mechanisms 

PROTEIN SYNTHESIS 

Protein synthesis may be regulated by fac- 
tors affecting levels of structural components 
of the pathway, by supply of substrates, or by 
regulation of enzymes involved in protein syn- 
thesis Increased quantities of transfer RNA or 
ribosomes provide greater synthetic capacity 
while increased levels of messenger RNA may 
result m both qualitative and quantitative 
changes in the type of protein that is made 
Numbers of ribosomes are reduced in muscle 
and liver of hypophysectomized animals (Kor- 
ner, 1964) Treatment of the animal with 
growth hormone restores these levels to 


normal Similarly, RNA content of muscle 
from diabetic animals is below normal and 
may contribute to the reduced rate of protein 
synthesis 

In microorganisms, half-life of messenger 
RNA is in the range of seconds or minutes, but 
in animal cells, the template for protein S 3 n- 
thesis persists for hours or days Therefore, 
increased levels of a specific protein can result 
from increased rates of translation of pre-ex- 
isting mRNA or from stimulation of the syn- 
thesis of new mRNA. Effects of hydrocortisone 
and insulin on the levels of tyrosine a-keto- 
glutarate transaminase in cultured hepatoma 
cells provide examples of both mechanisms of 
induction (Lee et al , 1970) As seen in Figure 
7,132, tyrosine transaminase activity increased 
approximately 10-fold following addition of 
hydrocortisone and approximately fourfold fol- 
lowing addition of insulin. A lag of 1 hr is 
encountered before the steroid effect is evi- 
dent, but the insulin effect begins immedi- 
ately Addition of actmomycm D, an inhibitor 
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Fig 7 131 Effects of denervation and cortisone on labeled proteins in soleus and plantans of hypophysectomized 
rats Animals were sacrificed 10 days after denervation Cortisone was administered for 7 days (From Goldberg 
1969b) 


of mRNA synthesis, along with the hormone 
completely blocks the effect of hydrocortisone 
but interfered with the insulin effect only after 
2 hr of incubation These observations can be 
explained if hydrocortisone acts to increase 
enzyme levels by accelerating synthesis of 
mRNA within the nucleus while insulin facili- 
tates reading of pre-existing mRNA An inhib- 
itory effect of actmomycm in insulin-treated 
cells becomes apparent only when pre-exist- 
ing mRNA has been degraded Half-life of 
tyrosine transaminase mRNA is estimated to 
be 2 to 3 hr In other experiments, effects of 
hydrocortisone and insulin were shown to be 
additive, strengthening the conclusion that 
these hormones act by different mechanisms 
Cyclic-adenosme monophosphate (AMP) 
also functions as an inducer of tyrosine trans- 
aminase in liver cells (Wicks, 1969) This com- 


pound IS proposed as the mediator of the ef- 
fects of glucagon, epinephrine, and isoprote- 
renol on tyrosine transaminase activity A 
comparison of the effectiveness of these in- 
ducers IS presented in Table 7 20 Stimulation 
of enzyme synthesis by glucagon, isoprotere- 
nol, and dibutryl cyclic-AMP are inhibited by 
actmomycm D, suggesting that synthesis of 
new mRNA is involved m the effect Phos- 
phorylation of nuclear histone by a histone 
kinase that is dependent upon cyclic-AMP 
may be involved in this induction (Langan, 
1970) Activity of this kinase is mcreased five- 
fold by addition of cyclic-AMP resulting in 
phosphorylation of a specific serine residue in 
lysine-rich histone When glucagon was in- 
jected into rats, incorporation of radioactive 
phosphorus into liver histones was increased 
about 20-fold As a result of phosphorylation. 



Chapter 13 


Hormonal Control of Growth and Protem PJietaooham 


7-151 


c: 



Fig 7 132 Induction of tyrosine a ketoglutarate transaminase in cultured hepatoma cells by hydrocortisone and 
insulin Hydrocortisone concentration was IO^^m and insulin concentration was 1 milliunit/ml Actinomycin D (0 2/ig/ 
ml ) was added 30 min prior to addition of the hormone (From Lee et al 1970 ) 


Table 7 20 

Induction of tyrosine transaminase by hormones” 


Additions 


Final Tyrosine 

Concentration Transaminase 




units /mg 



protein 

None 


75 ± 06 

Hydrocortisone 

1 X 10-' 

11 2 ± 07 

Dibutyryl cyclic AMP 

9 X 10-^ 

18 4 ± 07 

Glucagon 

1 1 X 10-'‘ 

17 1 ± 10 

Isoproterenol 

1 2 X 10-" 

15 6 ± 05 

Insulin 

75 X 10- = 

95 ± 13 


From Wicks, 1969 

“ An organ culture of fetal liver was used Addi- 
tions were made after 42 hr in culture Two hours 
later the tissue was homogenized and tyrosine 
transaminase was assayed 


histone may dissociate from specific regions of 
DNA, allowing for its transcription Effects of 
cyclic- AMP on mRNA synthesis in bacteria 
have also been observed (Varmns et al , 1970) 


EFFECTS OF SUBSTRATE SUPPLY ON 
PROTEIN SYNTHESIS 

A number of hormones including insulin, 
glucocorticoids, thyroxine, growth hormone, 
and estrogen increase entry of ammo acids 
into various cells of the body Importance of 
these effects for the overall stimulation of pro- 
tein synthesis depends upon the degree to 
which intracellular ammo acid concentrations 
restrict protein synthesis in these cells In gen- 
eral, tissues, such as liver, that actively de- 
grade ammo acids to form glucose, fatty acids, 
and urea, are more dependent on a continued 
supply of ammo acids from the plasma than 
are heart or skeletal muscle in which ammo 
acid degradation is slow As seen m Figure 
7 133, protein synthesis in liver varies from 60 
to 200% of normal when ammo acid concentra- 
tions in the perfusate range from 0 to 8 times 
normal plasma levels Tryptophan has been 
identified as an ammo acid that is particularly 
important m maintaining normal rates of pro- 
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tein synthesis m this tissue (Munro, 1970) Low 
plasma levels of tryptophan result in low levels 
of tryptophan -tRN A, the activated form of the 
ammo acid (Allen et al , 1969) On the other 
hand, synthesis of heart protein varies between 
85 and 120% of the normal rate over this con- 
centration range of plasma ammo acids These 
findings indicate that a hormone-induced in- 
crease in ammo acid entry into liver is of im- 
portance for the overall effect on protein syn- 
thesis, while this mechanism of action is of 
lesser importance for the overall effect in heart 
muscle 

The effect of ammo acid levels on protein 
synthesis is reflected in the aggregation of 
heart and liver ribosomes As shown in Figure 
7 134, aggregation of liver ribosomes is restored 
to m vivo levels when livers are perfused with 
5 times normal plasma levels of ammo acids 
On the other hand, aggregation of heart ribo- 
somes is only modestly responsive to varia- 


tions m plasma ammo acids Since these ex- 
periments are carried out in perfusion systems 
that lacked hormones, aggregation of liver ri- 
bosomes is more dependent upon the supply of 
ammo acids than heart ribosomes Since incor- 
poration of ammo acids into protein increases 
as perfusate ammo acid levels are raised, 
higher intracellular levels of ammo acids accel- 
erate initiation of peptide chains and results 
in increased numbers of polysomes and re- 
duced levels of ribosomal subunits These find- 
ings indicate that increased ammo acid supply 
can increase the rate of protein synthesis by 
raising intracellular levels of ammoacyl-tRNA 
and by accelerating initiation of peptide 
chains 

REGULATION OF THE RIBOSOME CYCLE 

Initiation, elongation, and termination of 
peptide chains make up the major groups of 
reactions involved in the cycling of ribosomal 
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MULTIPLES OF PLASMA AMINO ACID LEVELS 

Fig 7 133 Effect or perfusate ammo acid levels on incorporation of ^^C~amino acids into heart and liver pro- 
tein Hearts and livers were perfused with buffer-containing multiples of normal plasma levels of ammo acids In- 
corporation of ^*C-phenylalanine into heart protein and incorporation of ^‘‘C-valme into liver protein were measured 
The zero point indicates that only the radioactive ammo acid at normal plasma levels was added (From Jefferson 
and Morgan unpublished ) 
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Fjg 7 134 Effect of perfusate ammo acid levels on aggregation of liver and heart ribosomes Hearts and livers 
were perfused with buffer-containing multiples of normal plasma levels of amino acids Aliquots of supernatants of 
homogenized liver and heart were layered on sucrose gradients and centrifuged Gradients were analyzed by 
pumping the contents of the tube through the flow cell of a recording spectrophotometer L indicates the large 
ribosomal subunit S the small subunit and 0 1 and 5 XAA the perfusate ammo acid concentration in multiples of 
the normal plasma levels Aggregation of ribosomes in unperfused liver is similar to patterns of livers perfused with 
5 times normal plasma levels of amino acids Aggregation of ribosomes in unperfused hearts is shown in Figure 
7 135 (From Jefferson unpublished and Morgan et al 1971 ) 


subunits into polysomes, down the length of 
messenger RNA, and back into the subunit 
pool If initiation of peptide chains is slow rel- 
ative to elongation, ribosomal subunits accu- 
mulate and the rate of protein synthesis is 
slow On the other hand, inhibition of the elon- 
gation or termination groups of reactions re- 
sults m decreased numbers of ribosomal sub- 
units in association with a reduced rate of pro- 
tein synthesis (Morgan et al , 1971) As indi- 
cated in Figure 7 134, a block in initiation of 
peptide chains develops in both heart and liver 
when these organs are perfused, in vitro, with 
normal plasma levels of ammo acids In heart, 
this block persists even when high levels of 
ammo acids are added. 

Initiation of peptide chains m heart muscle 
IS accelerated by addition of either insulin or 
fatty acids As shown m Figure 7 135, hearts 
that are perfused for 1 hr with buffer con- 
taining normal plasma levels of ammo acids 
and glucose have fewer polysomes and more 
ribosomal subunits than unperfused hearts 
Addition of either insulin or fatty acid in- 


creases the number of polysomes and decreases 
subunits Faster rates of protein synthesis are 
also found These changes indicate that both of 
these factors accelerate initiation of peptide 
chains Since these effects are also demon- 
strable when 5 times normal plasma levels of 
ammo acids are present, increased intracel- 
lular ammo acid levels cannot account for the 
effect The mechanisms of the hormone and 
fatty acid effects on initiation are unknown, 
but may involve changes in intracellular levels 
of regulators of reactions involved m initiation 
The role of other hormones such as growth 
hormone, glucagon, and epinephrine in con- 
trolling steps in the ribosome cycle is not de- 
cided, but regulation at this level appears to be 
likely 

Protein synthesis in skeletal muscle is con- 
trolled by insulin, growth hormone, glucocorti- 
coids, and testosterone as well as the nutri- 
tional state of the animal As shown in Figure 
7 136, aggregation of psoas muscle ribosomes is 
decreased when rats are fasted for 48 hr Perfu- 
sion of skeletal muscle with buffers containing 
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Fig 7 135 Effects of palmitate and insulin on aggregation of heart ribosomes Hearts were removed from 
rats fasted overight and perfused with buffer-containing glucose 3% serum albumin and normal plasma levels of all 
ammo acids Insulin (25 m^/ml ) or palmitate (1 5m) ) was added as indicated Aggregation of ribosomes was analyzed 
on sucrose density gradients as described in Figure 7 134 L indicates the large ribosome subunit S the small 
subunit and the shaded area the distribution of ribosomes in unperfused hearts Incorporation of ^^C-phenylalanine 
into heart protein was 94 c p m /mg when only glucose was present and 120 c p m /mg when either fatty acid 
or insulin was added (From Rannels et al 1970) 



Fig 7 136 Effects of fasting, insulin and fatty acid on aggregation of psoas muscle ribosomes and on phenyl- 
alanine incorporation Psoas muscles were removed from fed or 48-hr fasted rats or from an isolated hemicorpus 
preparation following 90 min of perfusion with buffer-containing glucose glucose plus insulin or glucose plus 
palmitate Aggregation of ribosomes was analyzed on sucrose density gradients as described in Figure 7 134 The 
^'^C-phenylalanine incorporated into psoas muscle protein is shown for each of the muscles that were perfused (From 
Jefferson and Morgan unpublished ) 
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insulin restores aggregation of ribosomes in 
muscle of starved animals, but fatty acids have 
no effect These changes are associated with 
increased rates of protein synthesis following 
insulin treatment, but no change in synthesis 
with fatty acid In comparison to heart muscle, 
control of the ribosome cycle m skeletal 
muscle by insulin is operative, but control by 
fatty acid is absent This situation provides for 
preservation of normal heart size during star- 
vation and diabetes when insulin levels are low 
and fatty acid levels are high Utilization of 
skeletal muscle provides ammo acids for glu- 


cose production through gluconeogenesis which 
IS needed to support the metabolic needs of 
the brain 

As indicated throughout this chapter, knowl- 
edge of hormonal control of growth and protein 
and nucleic acid metabolism is fragmentary 
Control of liver regeneration, cardiac hypertro- 
phy, and atrophy and hypertrophy of skeletal 
muscle remains to be explained in terms of the 
control of protein synthesis and degradation 
Similarly, effects of hormones on the turnover 
of cell protein is only partially understood 
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The adaptation of man to his environment 
and to the society of his fellow men requires 
the constant processing of information re- 
ceived from the environment and from indi- 
viduals within the environment Any form of 
activity constitutes an interaction process 
wherein any kind of movement or action pro- 
duces change The detection of such a change 
via the sensory systems permits the regulation 
and control of subsequent actions Much of 
consciousness, even in the absence of signifi- 
cant sensory inputs, seems to involve sensory 
imagery We think in terms of visual and audi- 
tory imagery and imagery involving the other 
senses Although in the analytic study of sen- 
sory processes there is often a tendency to con- 
sider them as independent dimensions, our 
perception of the environment and our rela- 
tions to it depend in fact upon many complex 
interactions of the individual sensory modali- 
ties (Gibson, 1966) It is our purpose in the 
material which follows to consider the various 
important sensory processes individually for 
the purpose of understanding their nature, 
acknowledging the fact that they do not func- 
tion independently but provide a collective 
basis for consciousness and the control of our 
activities 

THE RECEPTOR ORGANS 

The different sensory modalities are distin- 
guished by specialized receptors which me- 
diate responses to stimuli appropriate for the 
transfer of information in each of the indi- 
vidual sensory domains Sensory receptors are 
sometimes divided among each of three classi- 
fications, the exteroceptors, the interoceptorSy 
and the proprioceptors The exteroceptors re- 
spond to stimuli that arise outside of the body, 
such as the light which stimulates the eye, 
sound pressure which stimulates the ear, var- 
ious forms of mechanical pressure or contact 
with objects of a temperature different from 
that of the skin which stimulate the receptors 
of touch, minute quantities of chemical sub- 


stances which stimulate the olfactory sense 
organs, and the receptor organs of taste The 
inter oceptors he within the mucous linings of 
the respiratory or digestive tract and respond 
to materials ingested or inhaled and to 
changes m pressure The proprioceptors are 
sensory receptor endings that respond to 
stimuli generated by muscular movement of 
the body or changes in muscular tension They 
reside in skeletal muscle, in tendons, m joints, 
in the heart, the carotid sinus, and in the gas- 
trointestinal wall The vestibular receptors of 
the nonauditory labyrinth respond to linear 
and angular accelerations, that may be im- 
posed upon the passive organism or may be 
generated by motor acts of the organism 
These receptors work in close harmony with 
the proprioceptors of muscle and are some- 
times included with this category They are 
also extremely important m the control of eye 
movements, however, and hence for visual per- 
ception 

THE STIMULUS 

Classically, the physical form of stimulation 
that is most natural or appropriate for a given 
sensory receptor has been called the adequate 
stimulus This terminology has resulted in the 
use of the term inadequate stimulus for many 
forms of physical stimulation which may ex- 
cite a given receptor system, but which are not 
likely to provide stimulation under normal cir- 
cumstances In this sense then, inadequate 
stimuli are perfectly adequate to produce a 
response and the terminology is somewhat 
confusing In the material which follows we 
will refer to the appropriate stimulus rather 
than the adequate stimulus in order to avoid 
possible confusion 

An extremely important aspect of the study 
of sensory processes is the definition of the 
nature of the appropriate stimulus The phys- 
ical dimensions of the stimulus and the range 
of energies to which the receptor will respond, 
when an energetic continuum can be identi- 
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fied, must be determined m order to under- 
stand the nature of the function of peripheral 
receptor organs 

CONSCIOUS CONCOMMITANTS OF 
SENSATION 

The prominence of a sensory dimension in 
our consciousness varies significantly from one 
sensory modality to another Prominence can 
not be assigned any fixed order either, it may 
vary with circumstances In a normal, awake 
subject, with a well -lighted environment, the 
visual domain will normally be of great promi- 
nence Obviously, this will not be so if there is 
no light, if the subject’s eyes are for some 
reason covered or closed, or if the subject is 
blind The auditory dimension may or may not 
be prominent, depending on the level of stimu- 
lation For someone listening with concentra- 
tion to a musical work or engrossed in a con- 
versation, the auditory dimension may be 
more prominent than the visual For someone 
engaged in any form of athletic competition 
which involves complex movements of the 
body, the vestibular sense will be playing an 
extremely critical role under normal condi- 
tions but will have no conscious concommitant 
which can be uniquely associated by the indi- 
vidual with that sensory dimension The same 
may not be true for organisms other than man 
in which vestibular function is more impor- 
tant These include flying birds, arboreal crea- 
tures and fish, animals with much greater 
mobility m three dimensions than man has 
Olfactory and gustatory senses may be promi- 
nent under certain circumstances, but their 
prominence tends to be relatively infrequent 
and associated with such actions as eating and 
exposure to unusual sources of stimulation 
Other classes of receptors that respond to 
chemical stimuli, those in the carotid sinus 
and the aortic bodies, afford an important 
basis for control of physiological processes but 
never intrude into consciousness Receptors for 
the sensation of pain, whether they reside in 
the skin or deeper within the bodily structure, 
can provide a compelling conscious component 
of sensation but, fortunately, under normal 
circumstances they are relatively inactive 
Their role is usually a protective one in pro- 
viding information to assist the organism in 
removing itself from sources of potential in- 
jury 


Although it is convenient to think of the 
senses categorically, it is most important to 
recognize that our perceptions of the physical 
world in which we live are dependent upon 
multisensory inputs and interactions among 
the senses Thus, the interpretation of visual 
stimuli may frequently be influenced by \es- 
tibular stimuli, proprioceptive stimuli and 
possibly auditory stimuli The developing or- 
ganism learns to expect certain correlations 
among different stimulus dimensions As we 
shall see, certain unique situations which ma> 
result in a noncorrespondence of different 
stimuli with expected relationships may be 
extremely disconcerting or even debilitating 
Such noncorrespondences may be encountered 
between visual and vestibular inputs during 
exposure to the motions of a ship on a hea\y^ 
sea or the complex flight path of a maneu- 
vering aircraft Noncorrespondence between 
visual and tactual or muscle senses may arise 
during attempts to move about m a “distorted 
room” of the type one may find m an amuse- 
ment park 

METHODS OF STUDYING SENSORY 
SYSTEMS 

Psychophysical Studies. The mode of 
functioning of sensory processes has fascinated 
man for hundreds of years and he has devised 
an ingenious variety of methods for their 
study For any situation where a human sub- 
ject can detect stimulation of a given sense 
receptor, the function of the receptor may be 
studied with the intact human organism as an 
indicator of the effect of stimulation It is thus 
possible to explore the appropriate stimulus in 
terms of its physical dimensions along various 
contmua In the case of vision, the subject’s 
task may simply be to indicate when he is able 
to detect the presentation of a stimulus The 
investigator may then explore such variables 
as the wavelength of the stimulus, its physical 
intensity, the region of the retina on which the 
stimulus is projected, the size of the stimulus, 
and the temporal duration of its exposure 
Obviously, these various dimensions may be 
expected to interact and their interactions can 
also be studied The results of many such in- 
vestigations of the visual sensory system are 
documented in the chapter on vision Similar 
investigations of the physical dimensions of 
the stimulus have been earned out for hearing, 
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touch, and the acceleration forces which stimu- 
late the vestibular mechanism It is not pos- 
sible to isolate physical continue associated 
with olfactory and gustatory stimulation, and 
so investigations of these senses have not been 
organized around the physical dimensions of 
the stimulus Rather, investigators have at- 
tempted to catalog and look for similarities 
among chemical stimuli which provide similar 
qualitative experiences in these sensory di- 
mensions In addition to the minimum re- 
quired physical energy, or concentration of a 
chemical substance, necessary for the 
threshold detection of stimulation, the investi- 
gator may wish to explore the effect of in- 
creasing stimulation along an intensive or con- 
centration dimension and note the effect on 
the subject Limits of stimulation may be de- 
fined at which pain is experienced, or further 
increase in the appropriate dimension of the 
stimulus is accompanied by no further increase 
in the subjective intensity of the sensation 
Such studies may be carried out by having 
subjects adjust a matching stimulus to the 
experimental stimulus or by requiring them to 
make a subjective rating of stimulus intensity 
Philosophical objections may be raised in 
connection with the latter procedure, but var- 
ious rating techniques have provided quite 
consistent results when properly used (Stevens 
and Galanter, 1957) 

Electrophysiological Studies. Studies of 
sensory systems with human subjects possess 
certain important limitations It is difficult to 
decide what part of the overall sensory system 
may be determining the response to stimula- 
tion For example, is the maximum audible 
frequency which can be discriminated by man 
limited in the peripheral receptor for hearing 
or somewhere between the receptor and the 
cortical centers involved in hearing‘s It has 
been possible in man to record electrical ac- 
tivity arising directly in the retina as a result 
of photic stimulation Such activity, recorded 
as the electroretmogram, permits the limited 
study of purely peripheral processes in the 
visual system of man Unfortunately, similar 
indices of peripheral activity are not readily 
available for the other sensory systems 

Sensory processes may be studied in animals 
with measurement of response at any desired 
point within the nervous system Techniques 
have been developed for the insertion into 
single cells of tiny electrodes with tip diame- 


ters even smaller than 1 p. when necessary In 
the visual system, in at least one organism, in- 
tracellular recordings have been obtained from 
each of the known cell types of the retina 
(Dowling, 1970) Electrodes need not be in- 
serted into a cell in order to record the activity 
of a single cell Relatively small electrodes, 
with tip diameter of from 1 to 5 or more p, 
located in the vicinity of a single cell or a 
single fiber may pick up signals which reflect 
the activity of that cell or fiber alone The 
higher the impedance of the electrode, the 
better is its discrimination With the higher 
impedance, however, it may be somewhat more 
difficult to make an initial detection of the 
activity of any cell 

Sensory Coding. In recent years, studies of 
the activity of single cells and single fibers in 
the sensory nervous system have provided 
important new insights into the nature of sen- 
sory function It has become apparent that as 
sensory information is transmitted from the 
primary receptor through the various neural 
elements which link the receptor to cortical 
centers for the mediation of sensory response, 
there is a kind of selective convergence from 
certain receptors such that cells higher m the 
nervous system may respond selectively to 
unique characteristics of the stimulus dimen- 
sion (Barlow, 1969) For example, there are ceils 
in the cortex of higher animals which respond 
to a moving stimulus with a certain orientation 
in the visual world In hearing, specific cells 
may respond to certain patterns of change in 
the frequency or intensity of an auditory stimu- 
lus Others may respond maximally when a 
stimulus is presented to one ear shortly before 
it IS presented to the other, as is the case for a 
sound source located on one side of the sensing 
organism Such cells selective to the sequence 
of lateral stimulation have even been reported 
for the olfactory system It thus appears that 
the nervous system is abstracting out certain 
dimensions of the stimulus world In some way 
the brain succeeds in putting these dimensions 
hack together in a fashion that permits us to 
achieve veridical perceptions of the world in 
which we live 

Animal Research Animals offer the advan- 
tage of permitting the study of the action of 
sensory systems at any location along the way 
from the primary receptor to the hipest cor- 
tical centers identified for a given sensory 
system Such studies may involve microelec- 
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trodes as described above, or more gross elec- 
trodes that mirror the activity of relatively 
large populations of cells Both types of inves- 
tigation are of value The procedure to be pre- 
ferred depends upon the nature of the ques- 
tions an experimenter wishes to ask 

It may seem reasonable to study overall sen- 
sory experience in human subjects and to 
examine various portions of sensory systems 
electrophysiologically in animals The latter 
work may provide an understanding of why it 
IS that certain results are obtained with the 
human subject for stimulation of a given sen- 
sory dimension There are serious objections 
however, to extrapolating from electrophys- 
lological studies of animals directly to the 
intact human Certain electrical signals re- 
corded in a sensory system may be merely in- 
cidental to stimulation, a kind of by-product 
of the significant aspects of the process, and 
hence not a direct linking process in the 
overall function of the sensory system The 
cochlear micro phonic potential, discussed in 
some detail in the chapter on hearing, is prob- 
ably such an incidental effect Another serious 
problem rests with the fact that the sensory 
processes of animals are not identical to those 
of the human In recent years, highly signifi- 
cant differences in the way in which visual in- 
formation is processed in the sensory systems 
of fish, frogs, birds, rabbits, cats, and monkeys 
have been revealed 

Presumably, the closer to man phylogeneti- 
cally the experimental animal under study, 
then the more valid may be extrapolations 
from electrophysiological studies of that an- 
imal to the sensory processes of man Students 
of sensory systems however, have not been 
content with this kind of reasoning Another 
approach is to study the whole animal just as 
man himself is studied in sensory experiments 
The animal cannot verbalize his responses, but 
he can be trained to respond affirmatively or 
negatively if the experimenter provides him 
with an adequate reason to do so The reason 
may be a food reward or the avoidance of a 
shock or a few drops of water or some other 
appropriate reinforcement for a correct re- 
sponse Studies then can be conducted in 
which animals will signal appropriately if they 
detect a stimulus If, in behavioral studies of 
sensory processes with animals, the results are 
similar to, or identical with those found m 
man, it is more reasonable to assume that the 


underlying physiological processes studied hy 
means of electrical recording techniques may 
be the same as those which exist m man 

Even m animals that may be difficult to 
tram to respond to stimulation, behavioral 
studies can be conducted This is accom- 
plished by employing some natural reflex with 
which the animal is already equipped to re- 
spond to certain stimulus dimensions A fa- 
vorite reflex for the study of visual processes 
has been the optokinetic reflex This is a tend- 
ency for an animal to turn in the direction of 
motion of a repeating pattern such as vertical 
stripe The head may turn, the whole body 
may turn, or the eyes may turn Obviously, if 
the stripes are not seen because they are too 
dim or too fine or because the contrast is too 
low, then the response will not appear 

In behavioral studies, it is usual to tram an 
animal to perform some special response when 
it makes a desired sensory discrimination 
Some dimension of the stimulus, such as the 
wavelength of light or the frequency of sound, 
may then be changed and the threshold for a 
discrimination redetermined under these new 
conditions The experimenter assumes that 
somewhere in the nervous system a criterion 
event of some sort has occurred which permits 
the animal to respond appropriately It is 
probably not true that events within the 
nervous system are identical for a constant 
threshold criterion when one alters the dimen- 
sions of the stimulus that are known to result 
m qualitative changes (Zacks, 1970) Nonethe- 
less, this kind of assumption is frequently 
made and it is the basis for assuming that the 
results of experiments which explore systemat- 
ically the influence of changing some stimulus 
dimension may be plotted as continuous func- 
tions when a constant criterion, such as detec- 
tion threshold, is employed (Brindley, 1960) 

In order to compare electrophysiological 
studies with behavioral studies of this sort, a 
fixed criterion is also adopted In the case of 
electrophysiological studies, the criterion may 
be a certain rate of discharge of impulses by a 
single cell somewhere in the nervous system 
The intensity of an auditory stimulus may be 
adjusted in order to achieve this rate of dis- 
charge for various frequencies of stimulation, 
or the intensity of the visual stimulus may be 
adjusted for each of a number of wavelengths 
m order to achieve this rate of discharge if the 
cell is one in the visual system In general, 
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results appear to be more nearly comparable 
with behavioral studies when such procedures 
are used m electrophysiological studies An 
alternative approach is to hold the energy of 
the stimulus constant while such dimensions 
as frequency or wavelength are varied and to 
record the neural discharge frequency as the 
dependent variable There is no a priori reason 
to assume however, that changes in the rate of 
response or the magnitude of response within 
the nervous system will bear a direct linear 
relation to effective magnitude of the physical 
stimulus The nature of the relation between 
stimulus magnitude and neural response is a 
subject of study in itself 
Electrical Stimulation. In man as well as 
animals, direct electrical stimulation of sen- 
sory systems has sometimes been employed as 
a method of bypassing the primary receptor 
process This may provide one useful way in 
which limitations of the sensory responses 
imposed by the peripheral receptor can be re- 
vealed m man It is difficult or impossible, 
however, to replicate the qualitative nature of 
a natural or appropriate stimulus by electrical 
stimulation This therefore renders conclusions 
based on such investigations of dubious value 
In one area where the procedure would seem to 
be appropriate, the study of the temporal reso- 
lution capacity of the visual system, results 
with rapidly repeated electrical stimuli could 
be perceived as varying in time at higher rates 
than the maximum rate perceived as “flicker- 
ing” when photic stimulation was employed 
In animal preparations, in addition to its value 
as a method of bypassing the primary receptor, 
electrical stimulation has also been used in an 
effort to determine the significance of certain 
efferent pathways associated with various sen- 
sory systems The role of efferent pathways is 
undoubtedly of great importance, but it is not 
clearly understood m any of the sensory sys- 
tems where efferent pathways have been dem- 
onstrated anatomically 
Surgical Intervention. One test of the sig- 
nificance of certain components in the visual 
system which can readily be applied with ani- 
mals but never with men, at least on an exper- 
imental basis, depends upon the removal or 
destruction of the component. Various regions 
of the brain may be ablated or destroyed 
Nerve tracts may be sectioned Animals 
framed to respond to stimulation in a given 
way prior to such procedures may then be 


tested to see whether they have retained their 
prior ability If they have not, the conclusion 
that the component m question or the pathway 
in question is essential to the kind of discrimi- 
nation under study may be justified It is al- 
ways important, however, to carry out re- 
training procedures Sometimes surgical inter- 
vention may disrupt behavior only tempo- 
rarily The demonstration of relearning ability 
of a given sensory discrimination may reflect 
such temporary disruption, or it may reveal 
the presence of alternative mechanisms which 
can be called into play following damage or 
destruction to the primary mechanisms which 
subserve the response in a normal animal 
Such experiments are extremely important for 
our understanding of sensory processes, but 
they are extremely difficult to interpret and 
must be earned out with great care and with 
careful attention to experimental controls 
One surgical procedure that provides a 
measure of control within a single organism is 
the split -brain technique pioneered by Roger 
Sperry (Sperry, 1961) The optic chiasm, the 
corpus callosum, and other cerebral commis- 
sures are sectioned medially Communication 
between the right half of the brain and the left 
half of the brain is thereby presumably elimi- 
nated When a visual sensory discrimination is 
then studied by stimulation of the eye on one 
side this discrimination will be mediated by 
the visual nervous system on that same side 
The effects of surgical intervention at certain 
locations within the visual system on one side 
may be observed and compared with perform- 
ance of the animal in the same kind of dis- 
crimination task when the other side is em- 
ployed A lack of communication between the 
two halves of the system is supported by 
studies which show no transfer of discrimina- 
tions learned on one side m subsequent testing 
of the other side The situation however, is not 
as clear-cut as one might hope Studies that 
have failed to demonstrate any transfer have 
been based on the use of food as a reward for 
correct performance Other studies have 
proven that when punishment is used to in- 
duce performance, there may be transfer, even 
when positive food rewards have failed to elicit 
any evidence of transfer (Sechzer, 1964) As is 
true especially with any form of surgical inter- 
vention, care must be exercised in the inter- 
pretation of results of experiments with the 
split-bram preparation 
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Although it IS not possible to create a split- 
bram experimentally m man, sometimes the 
same effect is achieved as a result of accident 
or a tumorous growth which must be removed 
surgically Although the number of human 
“split-bram” subjects is limited and the pre- 
cise nature of the split cannot be determined 
in most cases until long after experiments are 
performed, observations of such individuals 
have provided useful information concerning 
the laterality of the cortex in the processing of 
certain sensory information and the mediation 
of certain kinds of behavior This is particu- 
larly helpful m the studies of language (Gazza- 
niga, 1967) 

Computer Analysis. In recent years, inves- 
tigators of sensory processes have become in- 
creasingly concerned with the detailed nature 
of temporal patterns of neural response 
Whereas such patterns can be studied only 
with the greatest difficulty from kymograph 
records, they can be subjected to elaborate 
analyses with the aid of digital computers To 
date, the results of complex computer analyses 
have not been of far-reaching importance, but 
it seems likely that ultimately computers will 
play a highly significant role in the under- 
standing of sensory processes in particular and 
the functioning of the entire central nervous 
system m general 

NEURAL RESPONSE TO STIMULATION 

Graded Potential The nature of the initial 
response of a receptor system to stimulation 
varies with the sensory modality In most in- 
stances, the initially detectible electrical re- 
sponse is in the form of a graded potential 
That is, the amplitude of the response varies, 
or is graded, dependent upon the amplitude of 
stimulation Such a response may be relatively 
sustained during the time course of stimula- 
tion, although frequently it will show an initial 
maximum level which may reduce somewhat 
with continuation of a sustained stimulus The 
origin of such graded potentials is not clearly 
understood, although they may arise in pri- 
mary receptors They differ from the spike dis- 
charge of neurons in that their amplitude may 
vary, and that they are sustained in duration 
rather than occurring repetitively with sus- 
tained stimulation Polarity of the graded po- 
tential may vary dependent upon the nature of 
the stimulus (Fig 8 1). Records obtained in the 
region of the retinal receptors show a differ- 


ence in the polarity of the response dependent 
upon the wavelength of the stimulus (Mac 
Nichol and Svaetichm, 1958) Only m the case 
of the olfactory system does the primary re 
ceptor serve also as the primary neuron, dis 
charging with impulses, the frequency of which 
vanes with the concentration of the st^mu 
lating substance 

In the visual system, as detailed in a subse 
quent chapter, there is evidence that initial 
responses at the receptor and cells associated 
directly with the receptor may be a hyperpo 
lanzation Hyperpolarization m one cell appar 
ently can give nse to depolarization of a ceil 
with which it makes contact and subsequent 
neural discharge of that cell which is propa 
gated along an axon 

The Generator Potential. Before a cell will 
fire there must be a depolarization of the cell 
membrane to a certain “threshold” level 
When this level is reached, the spike discharge 
follows In the wake of a spike discharge, the 
sustained stimulation of the cell by contacting 
elements results in a repetition of the process 
If the depolarization does not reach the re- 



Fig 8 1 Microelectrode records of S (slow) - poten- 
tials in the retina of the fish The upper portion of the fig- 
ure indicates the relative polarity of response as a function 
of the wavelength of the stimulus Lower records show 
the time course amplitude and polarity of responses to 
300 msec stimulation The stimulus is marked by a slight 
downward deflection of the timing trace (MacNichol and 
Svaetichm 1958) 
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quired le\el, the cell will not discharge (Fig 
S 2) It IS e\ident that as level of stimulation is 
increased, the generator potential reaches the 
critical amplitude more rapidly, permitting a 



Fig 8 2 Generator potential resulting from cathodal 
shock to large diameter crab nerve fiber Successively 
higher amplitude curves result from increase m shock 
strength At a shock strength of slightly less than 1 5 mv 
the amount of membrane depolarization requisite to 
spike discharge is reached and the cell fires (After Hodg- 
kin 1938) 


more rapid frequency of discharge of the cell 
The spike discharge occurs on top of the meas- 
urable generator potential The generator po- 
tential IS monophasic, of relatively short la- 
tency and, as suggested above, may be graded 
in amplitude It thus is distinguished from the 
propagated action potential which is of roughly 
constant amplitude for a given ner\'e fiber 
Nerve Fiber Discharge. The pattern of a 
nerve fiber’s discharge frequency may vary 
considerably depending upon the nature of 
stimulation as well as the specific modality 
under consideration With the initiation of a 
stimulus, spike discharge frequency may be 
very rapid after a short latency, followed by a 
sustained discharge frequency at a higher rate 
than the resting level until the stimulus is 
terminated Upon termination of the stimulus, 
there may be a brief period of inhibition of any 
response prior to resumption of some resting 
level of response Some fibers may be quies- 
cent and show no detectible resting level of 
discharge The relation of discharge frequency 
to intensity of stimulation is illustrated in 
Figure 8 3 for a single optic nerve fiber of the 
horseshoe crab It is evident that as the stim- 
ulus intensity is reduced, latency of response 
grows longer, the initial frequency of discharge 
IS lower, and the repetitive discharge of the 
unit, while the stimulus remains on, becomes 
slower and less regular 

By reason of interaction processes within 
sensory systems, not all cells respond with 
heightened discharge activity upon stimula- 
tion Some may be inhibited by a stimulus 
(Fig 8 4) The top trace shows a unit which 



tion A63x10^ B 63x1 0® 063x10^ andD 63x 1 0 meter candles (Hartline and Graham, 1932) 
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Fig 8 4 Three different types of discharge from retinal fibers of the frog Stimulus duration is shown by the dark 
ened portion of the white line above the fifth-second time marker (Hartiine 1938) 



Fig 8 5 Changes in number of spike discharges 
associated with brief changes in stimulus intensity for a 
monkey lateral geniculate cell (DaValois Jacobs and 
Jones 1962) 


responds initially with a rapid burst of activity 
and then a sustained level of activity while the 
stimulus remams on The middle trace illus- 
trates a unit which responds with a burst of 
activity upon initiation of the stimulus, rela- 
tive quiescence while the stimulus is main- 
tained, and absence of activity upon termina- 
tion of the stimulus The bottom trace shows a 
unit which responds not at all but rather is 
inhibited when a stimulus is presented Upon 
termination of the stimulus, a burst of activity 
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Fig 8 6 Compound potential in a human sensory 
nerve voltage {arbitrary units) as a function of time 
Ranges of fiber diameters are shown below the time 
axis (Gasser 1960) 

occurs and is sustained for some time prior to 
return of the unit to its resting level 

In the visual system, certain ganglion cells 
may respond with increased activity upon illu- 
mination of a certain region of the retina and 
decreased activity as illumination is reduced 
There are also cells which respond directly 
opposite to this Activity increases with a dec- 
rement in intensity of the stimulus and de- 
creases with an increment in the stimulus The 
activity of this kind of a unit as a function of 
the amount of change of the level of stimulus 
intensity in decibels (ratio steps of 1 26) is il- 
lustrated in Figure 8 5 Obviously, for any cell 
to show a decrement of response to some form 
of stimulation, as compared with the absence 
of any stimulation, there must be a resting 
level of activity which can be decreased 
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Neural Coding of Stimulus Information. 
It IS evident that information is encoded in 
neural activity m terms of the rate of that ac- 
tivit> Changes m stimulus intensity are re- 
flected by increase or decrease m spike dis- 
charge frequency Complex patterns of tem- 
poral change of stimulation are probably also 
reflected in terms of the temporal pattern of 
spike discharge The possibility of a temporal 
encoding in the spike discharge of other than 
temporal aspects of the stimulus dimension 
has been considered but cannot be supported 
by substantial experimental evidence The 
most important aspect of coding of informa- 
tion transmitted by neurons seems to be that 
of the identity of the neuron The nature of the 
messages in terms of their spike discharge fre- 
quency IS remarkably similar from one sensory 
modality to another Apparently, the specific 
neurons which carry the message, by reason of 
their identity, their origin and their termina- 
tion, relate to specific qualitative aspects of 


the stimulus as these are interpreted by the 
brain 

Compound Action Potential, When a 
bundle of nerve fibers is transmitting informa- 
tion m response to sensory stimulation, a 
compound action potential may be recorded 
from the bundle with a gross electrode This 
shows changes in voltage with time which re- 
flect the summed electrical activity of all of 
the components within the bundle When a 
large number of fibers is firing simultaneously 
or at nearly the same time, the amplitude of 
the action potential will be high Compound 
action potentials typically show several peaks, 
associated with classes of neurons having 
roughly comparable conduction velocities 
Thus, a wave of activity for a given class of 
fibers reaches the electrode at very nearly the 
same time for all of the fibers within the class 
These fibers are then represented by a specific 
component of the compound response (Fig 
8 6 ) 
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Boophys^cs of Hearing 

Hearing rivals vision as a means of deriving 
highly complex and detailed information from 
the environment In humans, endowed with 
speech, it is the most important channel for 
interpersonal communication Hearing is the 
detection of vibrations transmitted through an 
elastic medium It has evolved from vibration- 
sensing organs, examples of which may be 
found in many species more primitive than 
man and the higher animals The term 
“sound” is usually reserved for those frequen- 
cies of vibration to which our hearing appa- 
ratus will respond, but if we generalize even 
over the mammalian species, this covers a 
range of frequencies much broader than those 
that can be detected by man Differences lie in 
the structure of the detecting apparatus, its 
size and physical characteristics In the higher 
ammals, the differences in most instances may 
be dismissed as quantitative rather than quali- 
tative, and much of our knowledge of the phys- 
iology of hearing is derived from infrahuman 
species such as the cat and the guinea pig 

THE PHYSICS OF SOUND 

The physical stimulus for hearing is a longi- 
tudinal pressure wave consisting of periodic 
compression and rarefaction, which requires an 
elastic medium for its transmission The fre- 
quency of sound is determined by the origi- 
nating source and remains invariant as the 
sound IS transmitted through various media 
Velocity and wavelength are related by the 
expression V = / x X, where V represents ve- 
locity, f is frequency, and X stands for wave- 
length 

The velocity of sound in air is approximately 
330 meters/sec, while in water it is nearly 
1500 meters/sec The way m which the propa- 
gation of sound IS impeded in a given matenal 
vanes with frequency Impedance refers to the 
attentuation of amplitudes and not to velocity 
One component of impedance increases with 


the elasticity of the material, but \anes in 
versely with the frequency of the sound On the 
other hand, the higher the mass of a given ma 
terial, the higher its contribution to imped 
ance This contribution increases directly with 
frequency These two reactive components of 
impedance, that contributed by the elastic 
ity (s) and that by the inertial mass (m)— 
characteristics of the material— are of opposite 
sign and add algebraically The third compo- 
nent of impedance is the resistive component, 
this is added vectorially to the algebraic sum of 
the reactive components It is independent of 
frequency The complete expression for me- 
chanical impedance, Z, is 


Z = V[2Tr/m - (s/27r/)]2 + {P 

where is the frictional resistance in ohms 
The total impedance is a minimum when the 
reactive component l^fm - (s/2x/) is a min- 
imum This will be the case at that frequency 
where these components are equal in absolute 
value and hence will cancel each other out 
Thus, by setting iTzfm equal to s/27r/ one can 
solve for frequency where the reactive compo- 
nent IS 0 The resulting equation is 

f = \/sJm (2) 

27r 

This provides a method of calculating the nat- 
ural frequency of a given material, that fre- 
quency for which the attenuation of the mate- 
rial IS minimal 

Sound may be transmitted from one me- 
dium to another, but the efficiency with which 
this occurs will vary depending upon physical 
characteristics of the media The more nearly 
their impedances are the same, the greater will 
be the efficiency of transmission It is impor- 
tant to have some knowledge of the effects of 
impedance and how this changes with mate- 
rials and with frequency to understand the 
auditory mechanism 

Sound is vibration, and vibration may be 
described in terms of its frequency and amph- 
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tude The most interesting and important 
sounds, however, are not simple vibrations 
Speech and music, for example, are exceed- 
ingly complex, and the information conveyed 
b> such sounds is m no way uniquely de- 
pendent upon specific frequencies or even fre- 
quency complexes Rather, it is the nature of 
relations among the frequency components of 
the complex sound and the way these are dis- 
tributed in time which render music recogniz- 
able and enjoyable, or speech intelligible 

The fact that complex sounds can be consid- 
ered to consist of sinusoidal components pro- 
vides some justification for the use of simple 
sinusoidal stimuli in the study of the auditory 
mechanism The ability of the ear to discrimi- 
nate one sinusoidal frequency from another 
may be of relatively small importance for 
normal communication, but it is this basic 
capability which permits the recognition of 
complex sounds from which important infor- 
mation may be extracted Single sinusoidal 
frequencies of pure tones and brief clicks have 
been the most frequently used stimuli in the 
study of audition A brief click may be charac- 
terized as a broad band of frequencies com- 
pressed into a narrow interval of time 
'‘White” noise has also been used It is so 
named by reason of the fact that it consists, as 
does white light, of a broad band of frequencies 
which are of approximately uniform amplitude 
as well as of random phase relation 

THE DIMENSIONS AND SPECIFICATION OF 
SOUND 

The frequency range of sound to which the 
human ear responds is from 16 or 20 Hz 
(Hertz, or cycles/second) to 20,000 Hz There 
is a gradual reduction in the upper limit of this 
range with increasing age The range of sound 
intensities to which the ear can respond nor- 
mally is extremely broad At the frequency of 
maximum sensitivity, between 1000 and 30(X) 
Hz, the ratio of maximum intensity that can 
be heard without damage to the ear, to the 
minimum intensity that can be detected, is 
approximately 10^^ The minimum power to 
which the ear can respond is of the order of 
10“^® watt/cm ^ This is a standard reference 
Value, in fact, many individuals can detect 
lesser amounts of power This power level is 
comparable to a sound pressure of approxi- 
mately 0 0002 dyne/cm ^ at 20° C 

The tremendous range of physical energy to 


which the ear responds as well as the nature of 
the response of the auditory system renders 
the use of a logarithmic scale desirable for the 
specification of sound intensity Such a scale 
represents increases in ratio steps The unit 
used in audition is the decibel A unit of 1 bel 
(named after Alexander Graham Bell) repre- 
sents a ratio increase by a factor of 10, 2 bels a 
factor of 100, etc There are thus only 12 bels 
over the range from approximate threshold to 
the level at which sound becomes painful m 
the frequency range of maximum sensitivity 
The decibel (db ) was devised as a unit which 
would provide a finer index of sound level As 
the name implies, there are 10 db to the bel, 
but this obviously does not mean that a dec- 
ibel represents a ratio increase by a factor of 
one The meaning of the decibel is best under- 
stood by illustration of the method of compu- 
tation 

No of db = 10 log (J/Jo) (3) 

The logarithm to the base 10 of the ratio of a 
given power level, J, to some reference level, 
Jo, provides a statement as to the number of 
bels J is above or below the reference level By 
multiplying this logarithm times 10, the an- 
swer is converted to decibels The number 10, 
by which the logarithm is multiplied, is also 
the logarithm to the base 1 26 of 10, that is, 
1 26 raised to the 10th power equals 10 By 
multiplying a logarithm to any given base 
(e g , 10) by the logarithm of that base to some 
other number as a base, the logarithm is trans- 
formed to that for the other number as base 
Decibels are thus logarithms to the base 1 26 
and 1 db represents a ratio of 1 26 

Sound intensity is properly a specification in 
terms of power level The power J is propor- 
tional to the sound pressure times the velocity 
of a particle in the medium through which the 
sound is being propagated The latter, in turn, 
IS directly proportional to pressure Thus, 
sound power is proportional to pressure 
squared If one sound has a pressure 10 times 
as great as another, they are said to differ by 
20 db The ratio of the pressures is only 10, but 
the ratio of the powers of the two sounds is 100 
and the difference between them m decibels is 
therefore 20 

The decibel notation has been applied m 
comparing electric powers, voltages, and cur- 
rents, It is a useful notation, but it must be 
remembered that it is an arbitrary one and 
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Decibels 


160—] 

Jet plane with afterburner 

140 - 

Pain 

120 - 

Discomfort 

100 - 

Subway 

80 - 

Heavy traffic 

60 - 

Normal conversation 

40 - 

-^1 sone 

— 

Whisper 

20 - 


0- 

Threshold of hearing 
^"^lO'lO microwatt per cm2 
\or 0 0002 dyne per cm2 


Graph I A decibel scale showing approximate in- 
tensity levels produced by various sources The sone is 
a unit of loudness based on ratio estimates The refer- 
ence for such estimates is the loudness of a 1000-Hz 
tone at 40 db (Stevens 1958) 

that its relation to actual physical values de- 
pends upon a knowledge of the reference level 
employed Standard reference levels used fre- 
quently include 0 0002 dynes/cm ^ or 10"^® 
watts/cm ^ The former is the standard refer- 
ence adopted by the American Standards As- 
sociation, as mentioned above, the two levels 
are equivalent at 20° C They represent a level 
of sound near threshold for the frequency of 
maximum sensitivity in the normal ear A ref- 
erence level of 1 dyne/cm ^ is also used by 
some investigators In addition, decibel nota- 
tion may be employed to represent the amount 
of attenuation of a signal below the maximum 
level that can be obtained from a given ampli- 
fier This IS appropnate in order to afford a 
relative scale in many experimental proce- 
dures The numerical values are quite arbi- 
trary, however, so far as their relation to any 
fixed physical standard is concerned, and this 
must be recognized in interpreting data ex- 
pressed in this fashion The levels in decibels 
of some typical sources of sound are shown in 
Graph 1 relative to the standard reference 
The sone is a unit of loudness based on a 
subjective ratio scaling technique 

ANATOMY AND PHYSIOLOGY OF THE EAR 

The human ear functions in air, and, under- 
standably, represents a fairly efficient device 


for the reception of sound transmitted 
through air When functioning normally, it is 
stimulated by pressure waves transmitted 
through air and along the external auditory 
canal, or external meatus, to the eardrum, or 
tympanic membrane Here, the medium of 
transmission changes but sound continues to 
be transmitted in the form of mechanical vi- 
bratory energy up to the point where the 
mechanisms of the inner ear are stimulated At 
that point there is a conversion of the stimu- 
lating energy to neural activity m the recep- 
tors which permits the discrimination of 
sounds that differ in character As mentioned 
earlier, the ear responds to frequencies be- 
tween approximately 20 and 20,000 Hz It is 
not equally responsive to all of these frequen- 
cies, however, as illustrated in Figure 8 7 Op- 
timum response occurs at approximately 2000 
Hz The nature of this frequency response is 
determined in large measure by the physical 
characten sties of the receiving organ, the na- 
ture of the external auditory canal, the tym- 
panic membrane, the chain of small bones 
which link the tympanic membrane through 
the middle ear to the fluids of the inner ear, 
and finally the coupling of sound into these 
fluids which surround the receiving mecha- 
nism, the basilar membrane 

The external ear, or pinna, serves some func- 
tion in channeling energy into the ear and in 
influencing the directional response of the ear 
It IS not nearly so important in man as it is in 
lower animals In some animals with highly 



Fig 8 7 Transmission characteristic of the ear based 
on the summed impedances of the tympanic membrane 
malleus and incus the middle ear cavities and the 
stapes cochlea and round window membrane as calcu- 
lated by Zwislocki Comparison with an average thresh- 
old curve illustrates the important influence of the physi- 
cal characteristics of the auditory mechanism on the 
frequency response function in hearing (Zwislocki 1965) 
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Fig 8 8 A Lateral surface of the right tympanic membrane as seen with the otoscope (Portmann 1951) B Cut 


away section of the tympanic membrane showing the nature of attachment of the malleus along with its linkage via 
the incus and stapes to the oval window of the labyrinth (Melloni 1957) 


refined motor control of the external ear, it is 
an important factor in the localization of the 
origin of sound Sound is transmitted along 
the external meatus to the tympanic mem- 
brane which IS set in motion by the sound vi- 
brations Its total area is approximately 70 
mm ^ The first of the bones of the middle ear, 
the malleus, is attached to the inside of the 
tympanic membrane by its footplate The 
appearance of the membrane and the point of 
attachment of the malleus may be visualized 
m Figure 8 8 The malleus is connected via an 
intermediary linking bone, the incus, to the 
stapes, which in turn is attached to the oval 
window of the cochlear mechanism The bones 
of the middle ear are surrounded by air which 
is ordinarily at approximately the same pres- 
sure as the external atmosphere Pressure in 
the middle ear is equalized via the eustachian 
tube which extends from the middle ear to the 
pharynx If one calculates the lengths of the 
bones in the ossicular chain and considers the 
way in which they are articulated, the mechan- 
ical advantage from tympanic membrane to 
oval window appears to be approximately 1 3 
This is probably of relatively little importance, 
however, and may serve merely to offset the 
frictional resistance which exists along this 
pathway 

Up to the level of the tympanic membrane 
the receiving organ is a completely passive 
organ At this point, however, it may be influ- 
enced internally The articulation of the small 
bones of the middle ear can be influenced by 


the middle ear muscles, the tensor tympani 
and the stapedius Increased tension in these 
muscles reduces the efficiency of transmission 
of low sound frequency (<1000 Hz) along this 
pathway Contraction may therefore serve as a 
protective device, and in fact, it can be dem- 
onstrated that contraction of the stapedius 
muscle occurs as a reflex response to loud 
sounds As in the pupillary reflex of the eye, 
this response is consensual so that contraction 
m both ears is elicited by stimulation of only 
one ear This system thus provides a feedback 
loop for control of the auditory receptor It 
may afford some protection against loud 
sounds, but the latency of the reflex is too 
great for this to be of major significance A 
more important function may be in the reduc- 
tion of the masking effects of low frequency 
sounds Low frequencies are particularly effec- 
tive in the masking of other frequencies, but 
relatively unimportant with respect to infor- 
mation content 

The footplate of the stapes connected to the 
oval window is approximately 3 mm ^ m area 
When this is considered in relation to the 
effective area of the tympanic membrane, ap- 
proximately 40 mm it is evident that there is 
a mechanical advantage of 13 to 1 between the 
tympanic membrane and the oval window 
This provides for a reasonable impedance 
match between the external medium of propa- 
gation, air, and the internal medium of propa- 
gation, the perilymph of the cochlea 

Sound waves are transmitted very rapidly 
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Fig 8 9 Traveling wave along the cochlear parti- 
tion for a 200 Hz tone The solid line indicates the de- 
formation pattern at a given instant The line with the 
short dashes shows the same traveling wave one-fourth 
of a period later The envelope shows the maximum dis- 
placement at each point (von Bekesy 1947) 

through the perilymph of the vestibular canal 
around the approximately 2% turns of the 
cochlea to its tip, then through the helico- 
trema, the connecting point between this canal 
and the tympanic canal which carries the 
sound vibrations down to the round window 
As the oval window bulges inward, the round 
window bulges outward m compensation The 
basilar membrane which lies between these 
two canals is thus surrounded by liquid 
through which a sound wave is being propa- 
gated There is very little delay between the 
arrival of sound pressure increases at the oval 
window and the bulging out of the round 
window in compensation Nonetheless, the 
actual transmission of vibrations along the 
basilar membrane caused by the stimulating 
sound can be shown to be somewhat delayed 
with respect to the transmission of sound 
through the liquid medium of the inner ear 
The reason for this is that sound is coupled 
into the basilar membrane almost solely at its 
base The physical characteristics of the basilar 
membrane are such that it is relatively stiff at 
the base and becomes less so along its length 
toward the apex The change in stiffness is by 
a factor of 100 along the entire length At the 
same time, the membrane becomes broader 
toward its apex This is true even though the 
cochlea as a whole is becoming narrower Thus, 
the increased breadth of the basilar membrane 
occurs at the expense of the size of the liquid- 
filled canals 

Observations of the basilar membrane have 
been made with stroboscopic illumination in 
ord^r to deternune the nature of its motion in 
response to sound stimulation It is fairly well 


established that the membrane is set m mo 
tion at the base and that traveling waves move 
out along the membrane from the base toward 
the tip The reason for this is the efficiencv of 
the coupling of sound by reason of impedance 
matching between the perilymph and the base 
of the basilar membrane and the relativelv 
broad frequency response characteristics of the 
base Vibrations are transmitted out along the 
membrane but are attenuated as they ap- 
proach its tip The amount of attenuation in- 
creases with the frequency of the sound As the 
membrane becomes less stiff, higher frequen- 
cies of sound are damped to a greater extent 
There are not fixed, individual points along 
the membrane which, at a given frequency of 
stimulation, represent maximum amplitudes 
of excursion or minimum amounts of excur- 
sion, 1 e , nodal points, rather the point of 
maximum amplitude progresses along the 
membrane out to a distance which is deter- 
mined by the frequency of the stimulus The 
lower the frequency of the driving sound pres- 
sure wave, the greater the proportion of the 
membrane which is set m motion For frequen- 
cies of up to about 20 to 30 Hz the entire 
membrane is set in motion and it vibrates m 
phase That is, all along its length it is moving 
either up toward the vestibular canal or down 
toward the tympanic canal at the same time 
For frequencies of up to about 200 Hz , the 
entire membrane is set in motion but there 
will be at least one phase change along its 
length Part of it will be moving in one direc- 
tion and another part in the opposite direc- 
tion As suggested earlier, the wave will move 
along the membrane as the motion occurs For 
frequencies above the 200 Hz level, less than 
the entire membrane is set in motion and the 
higher the frequency, the less will be the 
length of the membrane which moves The 
envelope of the traveling wave which moves 
along the membrane is relatively constant for 
a given condition of stimulation That is to 
say, the maximum aplitude which any given 
point on the membrane will reach is a con- 
stant, although that point may sometimes be 
moving with its maximum amplitude and at 
other times may barely move at all These 
ideas are illustrated in Figure 8 9 The enve- 
lope of the traveling wave is shown and the 
nature of the excursion of the basilar mem- 
brane at any given point is illustrated by the 
lines drawn within the dashed lines which rep- 
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Fig 8 10 A midmodiolar section through the right cochlea shown in relation to the vestibular system with vestibu- 
lar and cochlear divisions of the eighth nerve (Melloni 1957) 


resent the limiting envelope The short-dashed 
line and the solid line represent two different 
points in time and two different degrees of 
progression of the traveling wave along the 
membrane It is thus clear that the nature of 
the motion pattern of the basilar membrane is 
determined by the frequency characteristics of 
the sound stimulation The motion characteris- 
tics are not simple, however, and even though 
one point along the membrane may represent 
a greater maximum amplitude of excursion 
than any other for a given single frequency of 
stimulation, the way in which it is moving will 
vary with time during the course of its stimu- 
lation 

In summary, virtually all of the energy 
transmitted to the inner ear is absorbed by the 
basilar membrane at its stiff basal end, and 
motions of the basilar membrane are propa- 
gated along its length toward the broader, less 
stiff apex most efficiently for lower frequencies 
that are less damped by this organ The nature 
of the motion pattern is a characteristic of the 
stimulating frequency, hence, the pattern of 
excitation of receptors distributed along the 


length of the membrane is also determined by 
the nature of the stimulus The nature of the 
motion will be complex for a complex stimu- 
lus, but will be unique and characteristic of 
any unique stimulus complex For a given fre- 
quency of stimulation, the nature of the mo- 
tion pattern will be altered by the amplitude 
of stimulation The greater the amplitude, the 
greater will be the amplitude of excursion of 
the basilar membrane and the greater will be 
the length of the membrane involved in the 
motion for those frequencies higher than that 
for which the entire length of the membrane is 
all ordinarily set m motion As illustrated in 
Figure 8 9, the envelope of the traveling wave 
shows how damping results in the falling off of 
amplitude of motion to zero beyond a certain 
region of the membrane at a given frequency 
The nature of the motion of the basilar mem- 
brane follows from its physical characteristics 
Actually, observations by von Bekesy (1960) of 
the motion provided important clues to the 
physical characteristics of this organ 

How the system permits discrimination of 
one frequency from another has been the sub- 
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ject of extensive debate, but it is clear that the 
pattern of motion of the basilar membrane is 
charactenstic for a given sound It is reason- 
able to assume that the ability of the system to 
analyze sound is a result of both temporal and 
spatial patterns of excitation of the receptors 
along the length of the membrane For a cer- 
tain frequency, a certain part of the membrane 
is driven to motion of the greatest amplitude, 
but it might be an oversimplification to sug- 
gest that those receptors in the region of max- 
imum amplitude are exclusively responsible 
for the detection of sound of that frequency 
This problem is discussed further below 


TRANSFORMATION OF ENERGY 

One of the most interesting problems in 
understanding the auditory system is that of 
how mechanical energy of motion of the basilar 
membrane is converted into neural activiU 
To pursue this question it is necessar>^ to ex 
amine the anatomy of the cochlear system m 
some detail The cochlea is shown in Figure 
8 10 m its relation to the rest of the labyrm 
thine mechanism The cross section of part of 
a single turn of the cochlea is illustrated in 
Figure 8 11 The tectorial membrane is con 
nected to tissue which is in turn attached to 
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Fig 8 11 The major cochlear structures as seen in a transverse section of the cochlear duct from the upper portion 
of the first coil of the guinea pig 
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Fig 8 12 Schematic illustration of the structure of the mammalian organ of Corti OHC outer hair cells IHC 
inner hair cells TM tectorial membrane TSP tunnel spiral fibers (Wersal! Flock and Lundquist 1965) 



Fig 8 13 Relative shapes of the inner W) hair cell ing IP inner pillar DC Deiters cell M mitochondrion 

and the outer {B] hair cell C centriole or basal body Nu nucleus (Wersall Flock and Lundquist 1965) 

AffNE afferent nerve ending EffNE efferent nerve end- 

the central spiral laminar bone This mem- the side of the cochlear spiral toward the 

brane extends out over the hair cells which in center, the three or more rows of outer hair 

turn arise from the cells of Deiters on the bas- cells are on the outer side of the arch Just m- 

ilar membrane side of the mner hair cells is located the inner 

The tectorial membrane is not attached to sulcus and medial to this is a spiral ridge, the 

the hair cells and may move relative to them limbus spiralis, to which the fibers of the bas» 
Such relative motion causes bending of the ilar membrane are anchored Reissner’s mem- 

hair cells and it is the bending which initiates brane (Fig 8 11) is attached to the mner 

neural activity The hair cells are the primary margin of the ridge and the tectorial mem- 

sensory elements As illustrated in Figures 8 12 brane, which overlaps the hair cells, is at- 

and 8 13, outer and inner rows of hair cells are tached to its surface The tectorial membrane 

separated by pillar cells or the rods of Corti is m contact with the hair cells but they do not 

which form a tunnel or arch The height of this penetrate its surface The hair cells are bathed 

formation increases from the base to the apex in fluid but it cannot be the endolymph of the 

The single row of mner hair cells is found on medial canal because the potassium content of 


8~-18 


Section 8 


the endolymph is so high that it would be 
impossible for the unmyelinated fibers which 
innervate the hair cells to fire in such a me- 
dium The cells of Hensen lateral to the outer 
row of hair cells may serve as a block to pre- 
vent the mixing of the fluid around the hair 
cells with endolymph The nature o£ this fluid 
must be more like that of perilymph than en- 
dolymph, but its analysis is presently un- 
known The various constituents of perilymph 
and endolymph and their approximate concen- 
trations are given in Table 8 1 


Table 8 1 


Composition of fluids of inner ear 


Spinal Fluid 

Perihmph EndoKmpn 


mEq /liter 



Potassium 

4 2 

48 

144 4 

Sodium 

152 0 

150 3 

15 8 

Chloride 

122 4 

121 5 

1071 


mg / 100 ml 



Protein 

21 0 

50 0 

15 0 


After Smith, Lowry, and \Vu 



Fig 8 14 Scanning electronmicrograph of outer hair cells in man showing characteristic formation of the hairs 
(Photograph provided through the courtesy of Hans Engstrdm ) 
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It has been estimated that m man there are 
from 12,000 to 20,000 outer hair cells and 3500 
inner hair ceils in each ear (Retzms 1884, 
Guild, 1932, Chow, 1951) Their relative shapes 
are illustrated m Figure 8 13 There are as 
many as 120 to 140 hairs (stereocilia) on the 
ends of each outer cell, arranged m several 
rows in a W-shaped pattern (Fig 8 14) At the 
base of the W is a single basal body or centriole 
The inner hair cells differ significantly in 
shape, have fewer hairs (50 to 60) and also 
have a single basal body or centriole (Ades, 
Engstrom, and Hawkins, 1962) The interior 
structures of these cells are shown in Figure 
813 

The way in which the energy of motion of 
the basilar membrane is transmitted to the 
hair cells and they m turn transform it into 
neural activity is not entirely clear The basilar 
membrane is attached on both sides of the 
cochlear canal The tectorial membrane is at- 
tached only on the side adjacent to the modi- 
olus, the center of the spiral Motion of the 
membrane apparently causes a rocking motion 
of the rods of Corti and the hair cells, and this 
in turn results in a shearing motion between 
the ends of the hair cells and the tectorial 
membrane Thus, as the basilar membrane 
moves up and down, the tectorial membrane 
slips relative to the tops of the hair cells and 
tends to bend them The precise nature of this 
shearing motion undoubtedly differs in dif- 
ferent regions of the system, depending on the 
nature of the stimulus and its relative inten- 
sity Out near the end of the envelope of the 
traveling wave, the hair cells are apparently 
bent m a longitudinal direction along the long 
axis of the basilar membrane Cells located 
closer to the base may tend to be pressed down 
while other hair cells still closer to the base 
appear to be bent laterally (von Bekesy, 1943) 
The probable extent of the lateral shear and 
the longitudinal shear relative to the envelope 
of a traveling wave based on calculations by 
Tonndorf (1960) are illustrated in Figure 8 15 

The hair cells of the inner ear are analogous 
to other cells found m the utricular mechanism 
and m the lateral line organs of some species 
These other cells are more readily accessible 
and hence more easily studied They possess a 
kmocihum, a kind of stereobody with a pro- 
jecting cilium It has been demonstrated that 
bending of the individual hairs, or cilia, in the 



Fig 8 15 Envelopes of the three modes of motion 
in a cochlear model iA) traveling wave {B} radial shear 
(C) longitudinal shear The maximum amplitude of the 
traveling wave pattern is arbitrarily set at unity The ordi- 
nate IS given in decibels of attenuation Note that the 
transformation of the traveling wave motion into shear 
motion IS accompanied by an amplitude reduction by a 
factor of 15 to 20 db (Tonndorf 1960) 

direction of the kinocilmm in these other cells 
results in cell depolarization (Lowenstem & 
Wersall, 1959) Bending m the opposite direc- 
tion results m hyperpolanzation By analogy, 
one might assume that bending of the hairs of 
the cells of the inner ear laterally and away 
from the cochlear center would cause depolari- 
zation, for it is in this direction that the basal 
bodies or centrioles are located The problem 
has not been resolved, however Von Bekesy 
(1953) has studied the matter and reports that 
the inner hair cells appear to be bent longitu- 
dinally while the outer hair cells are bent later- 
ally As mentioned above, the basal body is 
oriented laterally and away from the center for 
both outer and inner hair cells. Engstrom et al 
(1962) have argued that the structure of the 
inner hair cells is such that they should be 
expected to respond to lateral shear while 
outer hair cells might be expected to respond 
to bending in a variety of directions Thus, the 
precise nature of the mechanism of action 
which gives rise to the excitation of these cells 
is not known The hairs, themselves, must 
transmit the mechanical motion to the inte- 
riors of the cells The problem m interpreta- 
tion of how the hair cells work rests in part 
with their incredible sensitivity At threshold, 
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based on measurements of movement of the 
malleus (Wilska, 1935) and stapes (von 
Bekesy, 1960), movements of the basilar mem- 
brane must not be very much greater than 10"® 
centimeters This is less than the thickness of 
the plasma membrane of the hair cells them- 
selves 

It is difficult to discern what kind of mecha- 
nism permits the conversion of such minute 
mechanical displacement into a significant 
amount of neural activity One point is clear, 
the process is an active one The energy of the 
activity elicited by stimulation greatly exceeds 
the energy of the stimulus at threshold The 
receptor itself, dependent upon its active met- 
abolic processes, contributes significantly to 
the response This has been demonstrated ele- 
gantly by experiments performed by von 
Bekesy (1960) 

Neurophysiology of Hearing 

THE COCHLEAR MICROPHONIC 

Whatever the nature of the method of trans- 
formation of energy may be in the ear, the ulti- 
mate result must be the instigation of neural 
activity in the nerve fibers of the auditory 
system These may be expected to be accom- 
panied by electrical activity One of the first 
reports of electrical activity in the auditory 
mechanism was that of Wever and Bray (1930) 
Recording from the round window of the cat 
by means of a gross electrode, they identified 
an electrical response which followed the tem- 
poral characteristics of the driving auditory 
stimulus with remarkable accuracy It was at 
first thought that this was the electrical con- 
comitant of neural activity. Subsequent find- 
ings to the effect that this activity had vir- 
tually zero latency, was relatively less suscep- 
tible to the effects of reduced oxygen than 
neural tissue, and the fact that it “followed” 
temporal rates of change quite in excess of 
those which nerve fibers may be expected to 
follow, all suggest that this cochlear micro- 
phonic is more probably a by-product of the 
stimulation of the auditory mechanism, or an 
epiphenomenon associated with the transfor- 
mation of the mechanical energy of the driving 
signal into neural activity 
Actually, physical disturbance or vibration 
of organic tissue may lead to voltage changes 
m a wide variety of circumstances This is true 
of many of the tissues within the ear The pri- 


mary source of the cochlear microphomc re 
ported by Wever and Bray, however, the “first 
order cochlear microphomc” as von Bekes\ 
terms it, probably arises in the hair cells A 
variety of experiments have been performed 
which demonstrate that the polarity of the 
cochlear microphomc potential, or its phase, is 
reversed as a small electrode from which it is 
recorded passes through the region of the organ 
of Corti associated with the interface between 
the hair cells and the tectorial membrane (von 
Bekesy, 1960, Konishi and Yasuno, 1963) 

As the amplitude of a driving signal is m 
creased, the amplitude of the cochlear micro 
phonic also increases and it continues to follo\\ 
the form of the driving signal quite accurately 
With still further increase in driving ampli 
tude the amplitude of the cochlear micro- 
phonic begins to level out and may even re- 
duce Even so, the wave form is not distorted 
This is a very unusual characteristic for any 
simple physical system It suggests that the 
cochlear microphomc as recorded is certainly 
not reflective of the activity of single units 
within the system, i e , single hair cells, but 
rather represents the summated activity of 
many units Fidelity of following of the wave 
form of the driving signal, even when ampli- 
tude begins to saturate, may reflect a low pass 
filtering characteristic of the overall system 
which serves to filter out nonlinearities im- 
posed by the system (Whitfield, 1967) 

A number of experiments have demon- 
strated that it IS possible to record cochlear 
microphonics representative of a much nar- 
rower extent of the basilar membrane than the 
original signals recorded by Wever and Bray 
This IS accomplished by locating electrodes on 
either side of the organ of Corti, one in the 
scala vestibuli and one in the scala tympani 
Recording with a differential amplifier, it is 
possible to exclude other signals and detect 
the cochlear microphomc representing as little 
as 1 or 2 mm of the length of the basilar 
membrane and its associated tissue (Tasaki, et 
al., 1952, Tasaki and Fernandez, 1952) The 
cochlear microphomc has proven a useful indi- 
cator for the determination of what portions of 
the basilar membrane are responding to what 
frequencies of the driving stimulus (Davis et 
al , 1953) The voltage of the cochlear micro- 
phomc in the first turn follows the velocity of 
the movement of the stapes and not its abso- 
lute position It thus represents the first deriv- 
ative of the driving force and this serves to 
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explain the fact that there is an initial 90*^ 
phase lag of the cochlear microphonic with 
respect to the driving signal (Teas, 1970) 

The mechanism of action of the hair cell 
remains a mystery Recently, Harris et al 
(1970) have demonstrated that the hair cells of 
the lateral line organ of the mud puppy re- 
spond with a graded potential to deflection of 
their cilia It has been suggested that the hair 
cells may be important by reason of the fact 
that they provide additional effective cell sur- 
fece across which an electrostatic potential 
may appear, and that it is the movement of 
large charged molecules which gives rise to 
microphonic potentials (Dohlman, 1960) 

TEMPORARY THRESHOLD SHIFT 

It is not surprising that with prolonged ex- 
posure of the ear to a relatively loud sound of a 
given frequency there is an elevation of the 
auditory threshold for some minutes following 
exposure It is curious, however, that this tem- 
porary threshold shift (TTS) is greater for fre- 
quencies higher than that of the initial expo- 
sure by V 2 to 1 octave The frequencies af- 
fected to a greater extent cause motion of the 
basilar membrane which is confined to a re- 
gion closer to the base of the membrane 
Whatever the process, one might suppose that 
it would be greatest in the region of maximum 
amplitude of motion of the membrane as 
caused by the “fatiguing' ’ frequency The 
leading edge of the envelope of the traveling 
wave of the frequency most affected corre- 
sponds more nearly with the point of max- 
imum amplitude of the envelope of the trav- 
eling wave for the “fatiguing" frequency This 
suggests the possibility, if the effect is greatest 
at the point of maximum amplitude, that the 
portion of the membrane which is most signifi- 
cant for the detection of a given frequency of 
stimulation lies somewhere apical to the point 
of maximum amplitude This would be in a 
region in which von Bekesy has suggested that 
the direction of shear of the hair cells is longi- 
tudinal It is difficult to resolve with von 
Bekesy’s contention (1960) that the greatest 
cochlear microphonic arises basal to the point 
of maximum movement for a given frequency 
of stimulation There has been one experiment 
reported which would appear to provide an 
electrophysiological analog for the TTS fre- 
quency shift Stevens, Davis, and Lurie (1935) 
reported that damage to an isolated region of 
the cochlea of the guinea pig suppressed coch- 


lear microphomcs for frequencies higher than 
that which gave rise to maximum amplitude of 
motion of the basilar membrane in the region 
of the damage Subsequent studies of the cor- 
respondence between motion of the membrane 
and damage tend to show that damage does in 
fact occur in the region of maximum ampli- 
tude of motion (Davis et al , 1953) 

HAIR CELL FUNCTIONS 

Possible divisions of the functions of the 
outer and inner hair cells have long been a 
matter of interest It has been suggested that 
the inner hair cells, smaller m number, may be 
analogous with the cones of the retina and re- 
sponsible for fine discriminations at higher 
sound pressure levels, while the outer hair cells 
are more involved in the detection of near 
threshold events It is recognized that there 
may be differences in the nature of neural 
connections to inner and outer hair cells 
Outer hair cells ha^^e been reported more often 
to be connected to fibers which enter the organ 
of Corti and then travel longitudinally along it 
before termination Inner hair cells are said to 
be connected with fibers that emerge from the 
nerve bundle and terminate directly on hair 
cells without traveling along the cochlear 
mechanism Suggestions that connections from 
inner hair cells may be more direct and that 
many outer hair cells may be connected to a 
single pathway have not been substantiated by 
recent electronmicroscopy (Whitfield, 1967) 

Inner hair cells seem to be better protected 
from physical damage than outer hair cells 
(von Bekesy, 1960) but would appear to be 
more sensitive to reduced oxygen levels than 
are the outer hair cells If indeed the inner hair 
cells prove to be activated by longitudinal 
bending near the apical front of the traveling 
wave envelope and are primarily responsible 
for frequency discrimination, while the outer 
hair cells are activated primarily by lateral 
bending in the region of maximum amplitude 
of excursion of the membrane and basal to this 
point, then the frequency shift which accompa- 
nies a temporary threshold shift could readily 
be explamed There are too many conflicting 
items of evidence for this to be accepted as a 
firm conclusion at this juncture, however 

It has been estimated that when the ear is 
stimulated by a 40-db tone at 1(X)0 cycles, ap- 
proximately 3000 hair cells may be activated 
With a change in frequency by a just discrimi- 
nable amount, it is probable that less than 2% 
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of these hair ceils are no longer activated and 
have been supplanted by others which were 
formerly inactive A great deal of evidence 
suggests that it is the overall pattern of stimu- 
lation of many receptors rather than the ac- 
tivity of just a few which is involved in even 
the relatively simple discriminations of pure 
frequencies from one another 

ELECTRICAL POTENTIALS 

Following discovery of the cochlear micro- 
phonic and the recognition that it could not 
represent an index of neural activity, the 
search for other electrical evidences of neural 
action continued 

Summation Potential. Among other elec- 
tncal indicators that have been identified is 
the summation potential The cochlear micro- 
phonic potential is accompanied by a shift in 
the direct current (DC) level of the base line 
There is an increase of voltage in the scala 
tympani with respect to the scala media This 
may be reversed by an increase of pressure in 
the scala tympani Whitfield (1967) has 
pointed out that the summating potential 
cannot be a DC component introduced by the 
nonlinearity of the response of the cochlear 
microphonic, because the amplitude of the 
summation potential may differ along the bas- 
ilar membrane A peculiarity of the summa- 
tion potential is the fact that its amplitude 
may increase with a decrease in temperature 
This is the opposite of what would be expected 
if it were of chemical origin Whitfield has 
concluded that it is a mechanical effect which 
may be attributed to asymmetry of the basilar 
membrane It has been shown that, just as is 
so for the cochlear microphonic, the polarity of 
the summation potential changes when the 
recording electrode penetrates the reticular 
lamina or region of the interface between hair 
cells and the tectorial membrane Its source is 
thus locahzed in the region of the hair cells 
(Konishi and Yasuno, 1963) 

A recent study (Dallos, Schoeny, and Chea- 
tham, 1970) has shown that the summatmg 
potential, measured between the scala tym- 
panie and the scala vestibuli, varies in form 
along the cochlea with the frequency and the 
intensity of stimulation Of particular interest 
is the fact that the average of the potentials in 
each of these canals apparently does not re- 
flect just remote activity with a cancellation of 
the local cochlear microphonic potential A 


negative constituent probably represents re- 
mote activity, but the positive constituent of 
the average is dominant m the region of max- 
imum excitation and may represent a h>per- 
polanzation effect m a segment of the cochlea 
associated with the mechanism of receptor ex- 
citation It IS also of interest m relation to our 
discussion of temporary threshold shift above, 
that the peak of the summation potential, 
whether it is based on the difference between 
the scala tympani and the scala vestibuli or 
the average potential for those two regions, 
corresponds with the distal end of the trav- 
eling wave envelope rather than the point of 
maximum mechanical vibration of the cochlea 
for a particular frequency of stimulation 
Regional Potentials. Relatively steady po- 
tentials may be recorded in various regions of 
the cochlear mechanism When referred to the 
perilymph, the voltage recorded anywhere 
within the organ of Corti is approximately -20 
to -80 mv The endolymph of the medial 
canal, on the other hand, is at a voltage of +80 
mv There is thus a voltage difference between 
the endolymph of the medial canal and the 
organ of Corti of the order of 140 mv The high 
voltage of the endolymph is somewhat unu- 
sual The voltage of the endolymph in the ves- 
tibular end organs is only 1 to 5 mv The endo- 
lymph of the scala media is highest m the re- 
gion of the stria vascularis and has been attrib- 
uted to metabolic activity of that tissue This 
voltage has been shown to depend upon an 
adequate oxygen supply and has also been 
demonstrated to fluctuate with motion of the 
basilar membrane This endocochlear or endo- 
lymphatic potential increases with downward 
motion as the stapes presses the oval window 
m and decreases with upward motion of the 
membrane as the oval window is drawn out 
(von Bekesy, 1952, Tasaki, Davis, and Eld- 
ridge, 1954) The endocochlear potential is not 
analogous to a typical cell membrane potential 
because it is uninfluenced by changes in the 
potassium concentration of the scala tympani 
It would be difficult to explain in these terms 
in any case when one compares it to the rela- 
tively low voltage of the virtually identical 
endolymph in the labyrinthine mechanism It 
can be demonstrated fairly simply that the 
endolymph with its high potassium concentra- 
tion has no access to the receptors within the 
organ of Corti If the potassium concentration 
in the scala tympani is increased by a small 
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amount, the cochlear microphonic is rapidly 
attenuated This suggests that the basilar 
membrane is permeable to potassium, but that 
the boundar> separating the organ of Corti 
from the endolymphatic space is not A posi- 
tive potential is always found in the region of 
the stria vascularis even when the endolymph 
IS removed Thus, the high potential m this 
region is attributed to activity within the stria 
vascularis rather than to chemical action di- 
rectly involving the endolymph 

The Neural Action Potential With all of 
the electrical activity in the ear, it has been 
difficult with gross electrodes to isolate the 
action potential of the nerve fibers themselves 
One method of accomplishing this has been to 
add signals from two electrodes, one on each 
side of the organ of Corti The purpose is to 
cancel out the cochlear microphonic and reveal 
the whole nerve action potential Another pro- 
cedure has been to use a relatively short stim- 
ulus such as a click With this procedure, m a 
recording from the round window the cochlear 
microphonic can be seen immediately, while 
the action potential is observed after a short 
latency (Fig 8 16) The latency of the action 
potential is correlated with frequency and the 
region of maximum activity along the cochlear 
partition, the higher the frequency the shorter 
the latency One interesting application of 
measurements of the action potential is its use 
as an index of the possible effect of efferent 
signals to the cochlear mechanism in the sup- 
pression of response to auditory stimuli 

INNERVATION OF THE COCHLEAR 
MECHANISM 

It is estimated that approximately 30,000 
auditory nerve fibers and ganglion cells (Ras- 
mussen, 1940) subserve the total of approxi- 
mately 25,000 hair cells in man (Guild, 1932) 
The auditory nerve contains both afferent and 
efferent fibers which terminate on the hair 
cells All of these reach the peripheral mecha- 
nism via the auditory nerve, through the core 
of the modiolus, through tiny holes, the ha- 
benula perforata, and then over the basilar 
membrane where they are unmyelinated. The 
work of Fernandez (1951) permits the division 
of these fibers into several types Radial fibers 
extend out from the modiolus and terminate 
pnmarily on inner hair cells Some of them 
penetrate the tunnel of Corti to terminate on 
external hair cells Longitudinal fibers extend 
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Fig 8 16 The electrical responses to clicks as re- 
corded from the round window of the cochlea of the cat 
CM cochlear microphonic potential AP action potential 
of the auditory nerve The three components of the action 
potential are represented by Nt N 2 and N3 A reversal 
of polarity of the stimulus between A at the top of the 
figure and B results in an inversion of the cochlear micro- 
phonic but no change in the action potential except for a 
slight shift in latency At C the action potential is com- 
pletely masked by white noise while the cochlear micro- 
phonic remains unchanged 

out radially and then turn to travel as much as 
Vs to V 2 turn along the cochlea in the basal 
direction These terminate primarily on outer 
hair cells but may also terminate on inner hair 
cells The radial fibers are attached to a rela- 
tively small number of adjacent ceils in the 
case of both outer and inner hair cells The 
longitudinal fibers on the other hand, connect 
with many outer hair cells and may project 
terminations to cells in different rows along 
their course Just as the fibers diverge and 
terminate on many cells, so do processes from 
different fibers converge on single cells (Figs 
8 17 and 8 18) The nerve endings which 
cluster about the hair cells may be divided 
into two different types the smaller ones are 
0 5 to 1 0 /i m diameter with few vesicles. 
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Fig 8 17 The projections of afferent (Aff ) and effer- 
ent (Eff ) fibers onto outer and inner hair cells of the organ 
of Corti (Wersal! Flock and Lundquist 1965) 



Fig 8 18 Schematic illustration of the innervation 
of cochlear hair cells Afferent fibers are in solid black 
lines efferent fibers are represented by brown lines 
OHC outer hair cells IHC inner hair cells SG spiral 
ganglion OC olivocochlear bundle ISB internal spiral 
bundle ESB, external spiral bundle TB tunnel bundle 
(Smith and Rasmussen 1963) 

while the larger type may be as large as 5 
long and 1 to 3 m diameter and is densely 
filled with vesicles Electronmicroscopy reveals 
presynaptic bars under the plasma membrane 
of the hair cells where it is in contact with the 
smaller endings The membrane adjacent to 
the larger endings is characteristic of a post- 
synaptic relation 

The smaller endings are believed to be affer- 
ent, while the larger ones are believed to repre- 
sent the terminations of efferent fibers from 
the olivocochlear bundle Rasmussen (1960) 
has identified about 500 of these efferent fibers 
in the cat and observed terminations on both 


inner and outer hair cells The relative courses 
of cochlear and vestibular efferent fibers are 
illustrated in Figure 8 19 Bipolar cell bodies of 
the afferent neurons are located m the spiral 
ganglion, within Rosenthal’s canal of the modi 
olus Central to the ganglion they form the 
cochlear nerve trunk, fibers of which terminate 
on the dorsal and ventral cochlear nuclei 

RESPONSE CHARACTERISTICS OF SINGLE 
UNITS 

It is of considerable interest to know the wa} 
in which individual nerve cells of the auditor}^ 
nerve bundle respond to various frequencies of 
stimulation of the ear The first experiment to 
report the responses of single units was that of 
Galambos and Davis (1943) Using micro- 
electrodes, they obtained responses from single 
fibers and explored the way in which the dis- 
charge frequency varied as a function of the 
frequency of stimulation From such records it 
was possible for them to plot response area 
functions for the individual umts (Fig 8 20) 
Units were found to have a single “best” fre- 
quency at which they would respond with min- 
imum sound pressure With increase in the 
sound power of the stimulating source, these 
units showed a widening range of frequency 
over which they would respond Characteris- 
tically, when plotted on a logarithmic scale, 
the response area function showed a steeper 
front toward the higher frequencies This sug- 
gests that the increased range of frequencies 
with increased sound pressure was gained 
largely in the direction of lower frequencies 
Some correction must be made for the loga- 
rithmic scale, however Nonetheless, one might 
expect a greater increase in the frequency of 
response toward reduced frequencies by reason 
of the fact that increased amplitude will result 
in an extension of the motion of the basilar 
membrane toward the apex, the direction 
which will bring in those hair cells which pre- 
sumably are responding to low frequencies 

Subsequent findings (Galambos and Davis, 
1944) of inhibitory processes placed in question 
the original conclusion that recordings had 
been made from the primary auditory nerve 
fibers The nature of inhibitoiy processes is 
still not entirely clear, however, and the dem- 
onstration of inhibition did not necessarily 
indicate that the source of original recordings 
was secondary cells of the cochlear nucleus 
rather than the fibers of the auditory nerve 
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Fig 8 19 Cochlear and vestibular efferent systems A crossed cochlear efferent bundle B uncrossed reticulo- 
cochlear and reticulovestibular bundle C uncrossed cochlear efferent bundle D and E dorsal and ventral uncrossed 
vestibular efferent bundles F bundle containing all of the efferent cochlear and vestibular fibers 1 facial genu 2 
abducens 3 trapezoid nucleus 4 medial superior olivary nucleus 5 lateral superior olivary nucleus 6 medial pre- 
olivary nucleus 7 lateral preolivary nucleus 8 lateral vestibular nucleus 9 interposed vestibular nucleus 10 inferior 
vestibular nucleus 11 nucleus of descending root of trigeminal 12 descending root of trigeminal 13 dorsal cochlear 
nucleus 14 inferior cerebellar peduncle 15 ventral cochlear nucleus 16 facial nerve 17 vestibular division of 
MVIII with superior and inferior roots 18 cochlear division of N VIII 19 ganglion of Scarpa 20 efferent fibers to 
Scarpa s ganglion 21 vestibulocochlear anastomosis of Oort (Rossi 1965) 


Subsequently, large numbers of recordings 
have been made from single fibers in the audi- 
tory nerve m the cochlear nucleus by Tasaki 
(1954), Katsuki and his associates (Katsuki, 
Sumi, Uchiyama, and Watanabe, 1958, Kat- 
sub, Suga, and Kanno, 1962) and by Kiang 
(1966) The response area curves plotted 
against a logarithmic frequency scale were 
found to be both symmetrical and asymmet- 
rical with a steeper front toward higher fre- 
quencies in the latter case The symmetrical 
units were less common than asymmetrical 
ones It has not been possible to demonstrate 
specific associations of symmetrical units with 
the different receptors of the cochlea Re- 
sponse areas appear broader for lower fre- 
quency units 

The finding of response areas with charac- 
teristic best frequencies distributed over the 
entire range of frequency response for the ear 


studied is a powerful argument for the en- 
coding of frequency information in the audi- 
tory system in terms of the individual fibers or 
patterns of fibers excited It has, therefore, 
been of interest to examine the frequency re- 
sponse characteristics of units higher in the 
auditory nervous system in order to ascertain 
the extent to which this type of coding is re- 
tained, as information is transmitted to the 
primary auditory regions of the cortex 

NEURAL ANATOMY OF THE AUDITORY 
SYSTEM 

Afferent fibers, which mediate the transmis- 
sion of responses of the receptor cells within 
the organ of Corti after entering the medulla 
in the cochlear nerve, divide and send 
branches to the dorsal and ventral cochlear 
nuclei (Fig 8 21) A number of second order 
neurons pass from these to the superior olivary 
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Fig 8 20 Response areas of four neurons in the 
cochlear nucleus of the cat Each neuron has a specific 
frequency at which a minimal acoustic energy is required 
to excite It Each responds also to progressively lower 
frequencies at higher intensities There is a slight exten- 
sion of the range of response into higher frequencies 
but the cut-off is much sharper on the high frequency 
side Some distortion of the shape of these cut-off func- 
tions as a result of the logarithmic frequency plot must 
be taken into account (Galambos and Davis 1943) 


nuclei on both sides from each side of the 
medulla Other fibers ascend to the lateral lem- 
niscus directly, terminating in its dorsal nu- 
cleus or extending on to the inferior colliculus 
At each of these levels there appears to be 
crossing by fibers from one side to the other 
There is thus representation on each side of 
the brain of fibers carrying signals which have 
originated in each ear Fibers from the inferior 
colliculus ascend to the medial geniculate nu- 
cleus ipsilaterally From this station in the 
medulla, fibers pass to the primary auditory 
cortex via the internal capsule In addition to 
the direct pathway described, there are also 
additional reflex connections with various 
cranial motor nuclei The fact that a cat with 
complete transection of the classic auditory 
pathways at the level of the midbram can be 
aroused by loud sounds suggests a secondary 
route to the cortex, perhaps via the reticular 
formation of the midbrain 
Laterality of the Auditory System. Al- 
though anatomical pathways are available to 
both sides of the brain from each ear, there is 
some evidence that crossed pathways play the 
dominamt role (Rosenzweig, 1951, Kimura, 


1961b) Thus, the right ear provides better ac- 
cess to the left hemisphere and the left ear 
provides better access to the right hemisphere 
In a variety of experiments, evidence has been 
found for selective hemispheric processing of 
auditory inputs depending on their nature 
Language related sounds are usually processed 
by the left hemisphere and other sounds are 
processed predominantly by the right hemi- 
sphere Evidence for this comes from simulta- 
neous presentation of different sounds to the 
two ears In the case of speech sounds, such as 
digits or consonant-vowel combinations, the 
sound presented to the right ear is retained 
more frequently when competing sounds are 
presented to the two ears (Kimura, 1961a, 
Broadbent and Gregory, 1964) The reverse is 
true for nonspeech sounds, such as music (Ki- 
mura, 1964) and sustained vowel sounds or 
tonal sounds (Shankweiler and Studdert-Ken- 
nedy, 1967) These findings are supported b> 
studies of patients with damage to the right 
and left temporal lobes Left temporal lesions 
are associated with poorer performance in the 
recognition of digits than right temporal lobe 
lesions Performance in the reporting of digits 
presented to either ear is affected by left tem- 
poral lobectomy, but not by right temporal 
lobectomy (Kimura, 1961a) In some individ- 
uals, the right hemisphere may be dominant 
for language, in which case the left ear pro- 
vides a more ready access for speech sounds 
(Kimura, 1961b) 

Efferent Pathways. In addition to the as- 
cending pathways, descending pathways from 
the cortex have been described (Desmedt, 
1962) Fibers which terminate on both the cells 
of origin of the olivocochlear bundles and on 
the neurons of the ventral cochlear nucleus 
have been identified The olivocochlear bundle 
originating in the superior olivary nucleus is an 
efferent pathway from which the efferent fibers 
terminating on hair cells arise The identity of 
the efferent fibers and the afferent fibers has 
been ascertained by sectioning of the olivo- 
cochlear bundle, in which case efferent fibers 
degenerate If the acoustic nerve is sectioned, 
afferent fibers degenerate These procedures 
permit the identification of which nerve termi- 
nals are which m the region of the hair cells 
(Engstrom, Ades, and Hawkins, 1965a) The 
precise function of the efferent pathways is 
not clear, but an inhibitory role has been 
assigned to them (Galambos, 1956) 
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F«g 8 21 Major central pathways of the auditory system {Crosby Humphrey and Lauer 1962) 


VARIATION OF FUNCTION AT DIFFERENT 
NEURAL LEVELS 

Response areas have been studied m all 
parts of the auditory nervous system (Fig 
8 22) It is evident that the frequency coding of 
single units is maintained up to the level of 
the inferior colliculus At this point there are a 
number of relatively narrow response areas 
with best frequencies distributed over the en- 
tire auditory spectrum Katsuki has argued 
(1961) that this type of coding is maintained 
up to the level of the medial geniculate body, 
but the evidence does not appear to be as good 
at this level, even considering Katsuki’s own 
work Whitfield argues (1967) that tonotopic 
organization is of little consequence at levels 
higher than the inferior colliculus On the 
other hand, Erulkar has argued (Erulkar, Nel- 


son, and Bryan, 1968) that some tonotopic or- 
ganization persists up to the level of the cortex 
with a variation in selectivity depending upon 
the cortical layer from which recordings are 
made 

Surveying all of the evidence, it is clear that 
the nature of response of single neural units 
changes from the auditory nerve up to higher 
centers with good frequency coding up to the 
level of the inferior colliculus, and relatively 
poor frequency coding beyond this point to- 
ward the auditory cortex In addition, there is 
a relative decrease in the correlation between 
the intensity of the stimulus and the frequency 
of discharge of single units as one ascends in 
the system There would appear to be a signifi- 
cant change m the nature of coding from the 
level of the inferior colliculus up to the cortex 
This IS discussed further below 
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Fsg 8 22 Response areas of single neurons obtained 
from a) cochlear nerve b) inferior colliculus c) trapezoid 
body and d) medial geniculate body of the cat (Katsuki 
1961) 

INHIBITORY PROCESSES 

Inhibition is recognized as playing an impor- 
tant role in all sensory systems Several dif- 
ferent kinds of inhibition have been observed 
in the auditory system Some of these origi- 
nate in the peripheral mechanism itself and 
others may have their origin at higher levels of 
the auditory nervous system Any reduction in 
the level of activity of a single fiber or unit 
which accompanies stimulation is defined as 
inhibition This may result by the presentation 
of a single tone which serves to reduce the 
spontaneous firing rate of a unit not otherwise 
stimulated (Ruppert et al , 1963, Allanson and 
Whitfield, 1955) Another way of demon- 
strating inhibition may be to reduce the ac- 
tivity resulting from the effects of continuous 
tone stimulation by the presentation of a 
second stimulus (Frishkopf and Goldstein, 
1963) Under these circumstances, the inhibi- 
tory signal may be one to which the unit would 
show no response at all, or it may be one to 
which there would be a positive response in 
the absence of any other input stimulation 
The results of a variety of investigations do 
not provide good agreement on the precise 
nature of these inhibitory processes No inhibi- 
tory effects below 1000 Hz. have been reported 
by Nomoto et al (1964), while Sachs and 
Kiang (1968) report two-tone inhibition effects 
at frequencies as low as 200 Hz The latter 
investigators report that, when tested appro- 
priately, all fibers in the auditory nerve appear 
to show two-tone inhibition On the other 
hand, they found no evidence for suppression 
of spontaneous activity in any of the units 


which were tested with a single tone (Fig 8 2.3) 
Here, positive response areas are seen to be 
bounded by inhibitory regions which intrude 
slightly into the positive response area Within 
the inhibitory regions, stimulation suppresses 
activity elicited by an exciting stimulus 

The function of these inhibitory processes 
may be to provide a sharpening of the fre 
quency selectivity of the system (Greenwood 
and Maruyama, 1965) Erulkar, Gerstein, and 
Butler (1966) report more evidence for inhibi 
tory processes up to the level of the inferior 
colliculus than within the cortex Their work is 
based on intracellular recording of the inhibi 
tory postsynaptic potential 

Most of the inhibition discussed above prob 
ably arises out of neural interactions among 
peripheral neural elements It has been sug 
gested, however, that two tone inhibition could 
result from mechanical interaction in the bas- 
ilar membrane (Simmons, 1970) 

There is another mechanism for inhibition 
quite different from those described above 
This results from the activity of efferent fibers 
of the olivocochlear bundle, arising m the su- 
penor olivary nucleus and innervating, contra- 
laterally, hair cells of the organ of Corti Gal- 
ambos (1956) has demonstrated that stimula- 
tion of the olivocochlear bundle via the floor of 
the fourth ventricle may reduce the whole 
nerve response by as much as would a 15- 20- 
db drop in stimulus intensity At the same 
time, such stimulation may be accompanied 
by an enhancement of the cochlear micro- 
phonic potential (Desmedt, 1962, Fex, 1962) 

POSSIBLE BINAURAL MECHANISMS 

Some units respond to stimulation of the 
two ears with differences m latency The mag- 
nitude of the latency difference is of the appro- 
priate order of magnitude for the difference m 
time of arrival of a sound pressure wave at the 
two ears when the source of the sound is lo- 
cated off to one side of the listener The pre- 
sumption is that these cells would be maxi- 
mally excited by sound originating in just such 
a location For such a unit, a sound on the 
opposite side of the body would result in the 
units being relatively refractory at the time of 
excitation of the distal ear Such units could 
thus serve in binaural localization (Erulkar et 
al , 1968) Erulkar has also found units for 
which the nature of the frequency response 
area differs between the two ears What func- 
tion such units may serve is unclear 
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Fig 8 23 Response and inhibitory areas for four fibers in the cat auditory nerve The characteristic frequency (CTCF) 
IS marked by a triangle and represents that frequency to which the unit is most sensitive The boundary of the response 
area marked by dots is defined by the amplitude of a sweep frequency which results in an increase in rate by 20% 
over the level of spontaneous activity Ordinate axes represent peak-to-peak stapes displacement in micra and in 
decibels The hatched areas represent frequencies and amplitudes in which the sweep frequency reduces the response 
rate by 20% or more below the rate obtained with the characteristic frequency alone These inhibitory areas are defined 
by presenting the critical frequency continuously along with the sweep frequency the latter varying exponentially in time 
between two frequency values which differ by one or two decades (Sachs and Kiang 1968) 


THEORIES OF AUDITORY INFORMATION 
PROCESSING 

The adaptive role of the auditory mecha- 
nism in man or animals is to provide informa- 
tion concerning the environment Sound is an 
important dimension for warning, searching, 
identifying, and signalling As a medium of 
communication, it is at its most complex in 
human speech To understand the mode of 
function of any sensory system, attempts are 
often made to determine ways in which it 
permits the encoding of simple physical di- 
mensions of the stimulus for transmission to 
the brain for analysis and interpretation A 
weakness of this approach is that it often be- 
gins with the selection of certain stimulus 
dimensions, considered in their simplest form, 
and the evaluation of how these influence the 
nervous system when varied parametrically In 
audition, this has lead to great concern with 
the encoding of frequency information As sug- 
gested earlier, this may not be unreasonable m 


view of the fact that complex sounds can be 
synthesized by the combination of appropriate 
sinusoidal components It is possible however, 
that such endeavors have been overemphas- 
ized Nonetheless, work on the processing of 
frequency information has been useful It has 
demonstrated a relation between the response 
of specific neural units and the frequency of 
the stimulus and, at low frequencies at least, 
some relation between temporal periodicities 
of the stimulus and the response 
These relations are clearly less pronounced 
at higher auditory centers In human voice 
communication, relatively little information is 
transferred on the basis of simple frequency 
coding Speech sounds, for example, have a 
recognizable identity by reason of the relative 
temporal variations among their frequency 
components The actual frequencies involved 
are relatively unimportant compared to the 
relations among them Two voices, repre- 
senting different frequency ranges, can com- 
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municate the same word with the same 
meaning with no danger of misinterpretation 
The identity of the word clearly depends upon 
relations which are independent of specific 
frequencies (Garrett and Fodor, 1968) The 
identity of the word and its recogmzability are 
also quite independent of its loudness, pro- 
vided that loudness is above a certain min- 
imum level for the conditions of background 
noise which prevail 

What may serve best for analysis then, is a 
system which includes elements that will re- 
spond to selected temporal variations among 
components of a stimulus where relative fre- 
quencies are of greater importance than abso- 
lute values Many of the cells of the auditory 
cortex seem to respond in just this way While 
peripherally there is clear tonotopic organiza- 
tion of the system, with specific fibers re- 
sponding maximally to specific frequencies of 
stimulation and specific cells of the cochlear 
nucleus in the inferior colliculus doing likewise 
along with physical arrangement of units in 
locations which show some relation to their 
frequency response, this kind of organization is 
far less pronounced in higher centers, particu- 
larly in the cortex With ascent in the auditory 
nervous system beyond the inferior colliculus, 
there is a decrease in the relation between the 
frequency of neural activity and the intensity 
of the stimulus, and a decrease in the extent to 
which single units are associated uniquely with 
a “best frequency ” Some tonotopic organiza- 
tion persists in the cortex (Hind, 1960), but it 
is greatly reduced At the level of the medial 
geniculate nucleus, many cells may respond 
only to the onset of stimulation or to its offset 
At the level of the auditory cortex investiga- 
tors have been frustrated by an inability to 
find any appropriate stimulus for a number of 
units which can be detected by their sponta- 
neous discharge In anaesthetized animals, 
Erulkar, Rose, and Davies (1956) found 34% of 
the units studied totally unresponsive In un- 
anaesthetized animals, Galambos (1960) found 
18% unresponsive He was able to characterize 
the response of approximately 70% of the cells 
studied in terms of the optimum frequency of 
pure tone stimulation, but other investigators 
have not found as high a percentage as this 
Whitfield and Evans (1965) report that 21% of 
cortical units respond only to “odd"’ sounds 
such as the jingling of keys, and that a signifi- 
cant percentage cannot be stimulated at all 


Units which respond to change in frequency or 
amplitude have been found, and some of these 
are sensitive to the direction and rate of 
change of frequency (Erulkar, Nelson, and 
Bryan, 1968) Some units of this sort have been 
reported in cochlear nucleus cells, but they are 
much more common in the cortex Such units 
must be a focus of converging fibers from pe- 
ripheral regions which represent a range of fre 
quencies, and possess temporal response char- 
acteristics which vary systematically with their 
frequency response characteristic It is possible 
that the nature of cortical connections is deter- 
mined during development, after birth, and is 
influenced by the nature and relevance of the 
stimuli to which the organism is exposed Ap- 
propriate stimulation for many of the cortical 
units that have been detected by reason of 
spontaneous discharge has simply not been 
found It would be impossible to explore all of 
the logical stimulus possibilities in the labora- 
tory, there are too many of these (Erulkar et 
al , 1968) 

Another characteristic of the nervous system 
which renders it difficult, if not impossible, to 
arrive at a definitive statement as to how it 
works IS its great flexibility Animals which 
have been trained to make discriminations 
based on frequency of auditory stimulation 
show a disruption of their performance after 
ablation of the auditory cortex, yet they are 
able to relearn such discriminations following 
ablation Thus, such discriminations can be 
mediated by other, probably lower, centers 
(Neff, 1961) Initial disruption of the perform- 
ance argues for some cortical role under 
normal conditions, and it is possible that dis- 
criminations learned after ablation are based 
on neural cuing systems which never operate 
in a normal animal. It is of course possible 
that the initial disruption is a sequel to the 
operative procedure and that pitch discrimina- 
tions are characteristically made at lower 
levels in the nervous system 

Cortical ablation does disrupt certain kinds 
of performance irrevocably Any complex tem- 
poral discriminations, such as those based on 
the pattern of repetition of two tones, cannot 
be relearned in the absence of the cortex It 
therefore is reasonable to conclude that the 
most important discriminations made by audi- 
tory mechanisms, such as the recognition of 
speech sounds, do m fact depend upon cortical 
function Some understanding of how this 
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complex system may work has just begun to 
develop There are some interesting analogies 
between the auditory mechanism and the 
visual mechanism 

Basse Ayd^tcn/ Fancteens aiid 
Hearing Im’pmment 

PSYCHOLOGICAL STUDIES 
OF HEARING 

A variety of properties of the auditory mech- 
anism of man has been studied by psychophys- 
ical procedures (Licklider, 1951, Tobias, 1970) 
These include studies of the way in which 
characteristics of the stimulus must be varied 
for a listener to make some sort of discrimina- 
tion for a given set of background stimulus 
conditions, or for a listener to make a judg- 
ment of equality for some specific dimension 
between two different stimuli An example of 
the latter might be the loudness of two tones 
of different frequency The results of such ex- 
perimentation provide us with valuable infor- 
mation on the nature of the function of the 
auditory mechanism, and they are also of prac- 
tical concern for the testing of this mechanism 
m order to discover evidences of impairment 

Work of this kind has been extended m an- 
other class of investigation m which listeners 
are asked to make magnitude estimations or to 
adjust stimuli for ratio changes with respect to 
some dimension For example, a listener might 
be asked to set the intensity control of an os- 
cillator such that a given tone has a loudness 
twice as great or half as great as that of a tone 
heard in an interval preceding the time at 
which the setting is to be made In general, 
studies based on a simple discrimination task 
or on an equality judgment provide more reli- 
able results, but all of the results of investiga- 
tions of this sort are of interest and provide a 
basis for further insights into the nature of the 
function of the auditory system 

Absolute Threshold. The smallest amount 
of sound power that the ear can detect in any 
given frequency is necessarily a statistical con- 
cept Attempts to measure such an amount 
produce variable results which are influenced 
by differences in the subjects of the test, dif- 
ferences from time to time in a given subject, 
and a variety of procedural factors Nonethe- 
less, minimum sound power levels must be 
selected which can serve as a standard repre- 


sentative of a large population of normal lis- 
teners. Two functions which are representative 
of the minimum threshold m sound pressure 
are illustrated in Figure 8 24 including the re- 
cent international audiometnc zero curve 
(ISO, 1964) which serves as a current standard 
Differential Thresholds. Differential 
thresholds, at least for the discrimination of 
intensity differences, may be considered as an 
extension of the absolute threshold determina- 
tion when the background is changed from one 
of quiet to one with a controlled continuous 
sound level In many sensory modalities it has 
been demonstrated that there is a rough rela- 
tion between the level of intensity increment 
necessary for discrimination and the intensity 
level of the background against which the dis- 
crimination IS to be made This relation is 
known as the Weber-Fechner Law, but is really 
only an approximate description over a limited 
range of the variables which may be studied 
In audition, the intensity increment required 
for discrimination at background levels near 
threshold is relatively large but declines in rel- 
ative amplitude up to a background level of 
approximately 50 db above threshold The sit- 
uation IS complicated by the fact that the size 
of the increment also varies with the frequency 
of the sound 



Fig 8 24 The newly adopted International Audio- 
metric Zero (lSO-64) curve compared with the American 
Standards Association (ASA) 1951 curve The ISO curve 
represents a better approximation of the thresholds of 
normal young adults than does the ASA 1951 curve The 
shaded area indicates the pressure-frequency region in 
which most conversational speech sounds occur Curve A 
represents thresholds typical of a case of moderate hear- 
ing impairment (Davis 1965) 
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When the change m frequency of a sound 
necessary for discrimination of the fact that 
frequency has been changed is studied as a 
function of frequency, there is an approxi- 
mately constant ratio between the frequency 
increment and the reference frequency above 
1000 Hz The absolute increment in frequency 
is roughly constant at 2 or 3 Hz from 60 to 
1000 Hz for sound pressure levels above 30 db 
A three-dimensional plot of this latter relation 
is illustrated in Figure 8 25, with sensation 
level in decibels as the third parameter 

The nature of the frequency response of the 
human ear can be examined from the level of 
threshold for detection of sound at a given fre- 
quency up to the maximum comfortable level 
of sound stimulation by obtaining data on the 
matching of loudness at a variety of levels over 
the entire frequency spectrum These relations 
are illustrated in Figure 8 26 Each curve is 
labeled m accordance with the sound pressure 
level in decibels at 1000 Hz It is clear that 
there is considerable flattening of the fre- 
quency response with increase in intensity 
level and hence, loudness This is particularly 
true at the low frequency end of the spectrum 
The rate of growth of loudness with increased 
intensity is thus much greater at very low fre- 
quencies The same loudness increase occurs 
over a much curtailed range of intensities 
This IS also true to a lesser extent at the 
highest frequencies It is more difficult to ob- 
tain data at these high frequency levels for a 
large number of subjects It is clear that no 
simple metric for the addition of loudnesses of 
different frequencies is practical It is imprac- 
tical not just because of the nature of the data 
displayed in Figure 8 26, but also by reason of 
the fact that when differing sound components 
are added they retain their individual identity 
to a large degree The listener is able to make 
some discrimination of the individual compo- 
nents of complex sounds In addition, if fre- 
quencies added are sufficiently close together 
they may produce beating phenomena which 
further complicate the situation 

Masking. From our discussion of differen- 
tial thresholds for sound intensity, it is clear 
that with elevation of a background sound the 
increment which can just be discriminated 
must also be increased The background sound 
thus serves, to a degree, to mask the incre- 
ment The phenomenon becomes more com- 
plex when one examines the masking effects of 
various frequencies on a given frequency or the 



Fig 8 25 Three-dimensional surface showing the 
standard frequency discrimination threshold as a function 
of the frequency and the intensity of a standard tone Fre 
quency discrimination is poor at intensity levels near 
absolute threshold in the rear of the figure and at high 
frequencies in the extreme right of the figure For fre 
quencies below 1000 Hz at sensation levels above 30 
db frequency discrimination requires a change of only 
about 3 Hz (Licklider 1951) 



Fig 8 26 Equal-loudness contours showing the rela 
tion between intensity level and frequency at various sub 
jectively equated loudness levels The figures 0 to 110 
represent loudness level in phons a loudness scale based 
on equal loudness judgments with the intensity level in 
decibels of 1000-Hz tone as a reference The lowest 
curve approximates the normal free-field threshold curve 
Figures in parentheses show loudness in sones a scale 
based on subjective ratio estimates The latter scale pre 
sumably provides a better indication of subjective magni- 
tudes of loudness (Stevens and Davis 1938) 

effects of a wide band of frequencies or noise 
on a given frequency In general, masking is 
more effective the closer the frequency of the 
masking tone to that of the tone being 
masked, although the precise nature of the re- 
lation here may be complicated by the beating 
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phenomenon Low frequency tones mask high 
frequency tones more effectively than the con- 
verse The latter effect might be expected from 
our knowledge of the motions of the basilar 
membrane Interestingly enough, and of some 
practical significance m the measurement of 
hearing disability, there is relatively little 
masking effect when a masking tone is pre- 
sented to one ear and a test tone to the other 
This phenomenon is useful in suppressing the 
better ear when one wishes to test an ear in 
which unilateral hearing impairment is sus- 
pected A fairly broad spectrum noise serves as 
a useful mask for a wide range of frequencies 
m these circumstances 

Loudness. As illustrated in Figure 8 26, it is 
possible to make judgments of the equality of 
loudness, even though the frequency of the 
tones so equated differs The specification of 
loudness level is conveniently accomplished by 
the use of equal loudness contours (Fig 8 26) 
The intensity level m decibels of a lOOO-Hz 
tone IS taken as a reference Loudness level is 
expressed in phons and is equal to the inten- 
sity level in decibels of the 1000-Hz tone 
which matches any other frequency for which 
the loudness is to be designated 

Binaural Cues for Sound Localization A 
listener is able to estimate the location of or- 
igin of a sound moderately well There are sev- 
eral obvious physical cues which may serve to 
explain this ability in anyone possessed of two 
normally functioning ears In the first place, a 
sound originating on one side of the body will 
reach one ear first and hence, there will be a 
time delay between stimulation of that ear and 
the other ear For continuous tones, there will 
be a difference in the phase relation between 
the two ears which will depend both on fre- 
quency of the stimulating tone and the phys- 
ical dimensions of the head In addition, the 
sound reaching the more distant ear may be 
attenuated The head will serve to cast a sound 
shadow for the ear on the side away from the 
point of origin and this will reduce intensity 
on that side, particularly for sounds of higher 
frequency 

Differences in time or phase are probably of 
most importance for frequencies below 1400 
Hz , while at higher frequencies differences m 
intensity probably represent the most impor- 
tant cue The higher the frequency, the greater 
will be the attenuation of sound in the shadow 
of solid objects past which it is transmitted In 
careful studies of sound localization, it has 


been determined that very small displace- 
ments of a sound source from the median 
plane through the head can be discriminated, 
while much grosser displacements are neces- 
sary for the discrimination of a change in point 
of origin when the sound is directly off to one 
side or the other Sounds which are directly in 
the median plane are very difficult to localize 
as to whether they are m front of, behind, or 
above the listener Particularly m these cir- 
cumstances, movements of the head play a 
very important role m the localization of a 
sound source It is clear that the changing pat- 
tern of intensity between the two ears will be 
directly opposite for a sound located in front of 
the head as contrasted with one in back of the 
head when the head is turned from side to 
side On the other hand, for sounds which are 
directly overhead, there will be almost no 
change at all The absence of any change with 
head movement is thus a cue to the location of 
the sound overhead 

As anyone who has enjoyed sterophonic 
music reproduction can testify, there is more 
to binaural hearing than simple localization 
Hearing of complex sounds, such as music, the 
sources of which are distributed m space, is 
greatly enriched when they are heard with two 
ears The best stereophonic reproduction is 
only a gross approximation of this but is none- 
theless quite a pleasing phenomenon Two ar- 
bitrarily located microphone positions serve to 
divide the relative balance of the sound which 
IS reproduced in two arbitrarily located loud 
speakers Optimum effect is achieved when the 
listener is located in the appropriate relation 
to the two speakers, and they in turn have a 
relation which is appropriate for the original 
method of recording A precise duplication of 
binaural listening might be achieved by lo- 
cating two microphones on either side of a 
dummy head and feeding the sound recorded 
under such circumstances to a listener via ear- 
phones Unfortunately, under these circum- 
stances the changes which one comes to expect 
with slight movements of the head would not 
occur. 

TYPES OF HEARING IMPAIRMENT 

The causes of deafness are divided into five 
classes (Davis, 1951) In the first of these, there 
is some interference with the conduction of 
sound to the neural mechanism of the inner 
ear. Hearing difficulties resulting from these 
causes are labeled conduction deafness The 



8-34 


Section 8 


second category is that resulting from damage 
to the cochlear mechanism or the auditory 
nerve and this is labeled nerve deafness The 
other three classes include central deafness, 
diplacusis or a false sense of pitch which may 
be caused by edema of the labyrinth, and 
tinnitus associated with ringing in the ears 
which IS usually caused by hypersensitivity of 
hair cells or their nerves 

Conduction Deafness. Conduction deafness 
may be caused by such a simple problem as 
the accumulation of wax in the external ear 
canal It is more significant, however, when it 
occurs by reason of such factors as the patho- 
logical hardening of the tympanic membrane, 
perforation of that membrane, or a loss of 
mobility or destruction of part of the ossicular 
chain A small perforation of the drum is often 
temporary and may heal, but dysfunction of 
the ossicular chain requires some kind of inter- 
vention for its correction In otosclerosis, 
there is a growth of bone which may tend to 
freeze the footplate of the stapes such that it is 
unable to transmit motion to the oval window 
of the scala vestibuli Initial effects may be 
manifested by a progressive loss of hearing for 
the low frequencies with possible subsequent 
loss m high frequency which accompany path- 
ological changes in the cochlea itself 

Over the last several decades, there has been 
an evolution of operative procedures for the 
correction of deafness resulting from middle 
ear dysfunction In the earliest operation, 
Lempert’s fenestration procedure, a new 
window was made from the middle ear cavity 
to the lateral bony semicircular canal This 
served to bypass the immobile bone link and 
partially restore the hearing loss An improve- 
ment was achieved by the development of a 
procedure for mobilization of the stapes by 
Rosen (Schuknecht, 1962) The method often 
produces dramatic and immediate improve- 
ments m hearing but suffers from the fact that 
there is a fairly high rate of recurrence of the 
difficulty The newest procedure is one in 
which the entire stapes is removed and its 
footplate replaced by a vein graft or pad of fat 
over the oval window A linkage to the long 
process of the incus is accomplished by the use 
of a wire of plastic prosthesis In cases of 
hearing deficiency which are the result of 
chronic otitis mediae the appropriate proce- 
dure may be tympanoplasty, the surgical re- 
construction of the entire sound-conducting 


system of the middle ear The precise nature 
of this operation will vary with the nature of 
the impairment 

A variety of acute effects ma> result m 
hearing impairment Several of these cause 
conduction deafness If the eustachian tube is 
blocked for any reason during a rapid change 
in ambient pressure, the balance of pressure 
between the external meatus and the middle 
ear will be upset If the middle ear pressure is 
low and cannot be compensated, as would be 
the case during descent in aircraft, the drum 
membrane may be strongly retracted and the 
conduction efficiency of the system greath 
reduced Rupture of the drum will not occur 
unless the pressure differential reaches the 
range of 100 to 500 mm of mercury The 
problem is perhaps more frequently encoun- 
tered by the diver during descent into deep 
water A pressure differential which can cause 
rupture of the drum can easily be reached, but 
it will generally be preceded by warning pain 
which will result in the diver’s ascent before 
rupture occurs In spite of the warning which 
pain provides, transient injury to the drum is a 
frequent problem for overzealous skin divers 

If the eustachian tube remains closed for an\ 
length of time, the air trapped in the middle 
ear is gradually absorbed The lowered partial 
pressure of oxygen in the cavity may be ac- 
companied by the entrance of fluid into the 
middle ear when gas pressure falls below hy- 
drostatic pressure in the capillary bed The 
accumulated fluid increases friction and de- 
creases the transmission of sound 

Nerve Deafness. The most common cause 
of sensorineural impairment is probably expo- 
sure to high level sound intensities (Graham, 
1966) As mentioned above, there is a tempo- 
rary shift in threshold (TTS) after exposure to 
a loud sound or noise (Fig 8 27) If the sound 
IS loud enough and the period of exposure is 
long enough or repeated frequently enough, the 
elevation of threshold may be permanent In 
general, sensorineural deafness affects hearing 
for higher frequencies to a much greater extent 
than low frequencies and there appears to be a 
particular vulnerability in the region of 4000 
Hz This may result from the physical nature 
of the cochlear mechanism which mediates 
response to sounds of this frequency When 
caused by exposure to high level sound, such 
deafness is bilateral When the shift in 
threshold is of the order of 40 to 60 db , the 
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Fig 8 27 Temporary threshold shift (TTS) after exposure to a tone of 2000 Hz at 120 db sound pressure level for 
16 min Recovery is shown over the course of time up to 71 hr after exposure Note that the shift of threshold is great- 
est for frequencies above that of the exposure tone (Davis et al 1950) 


loss may be accompanied by tinnitus, a sus- 
tained ringing sound which is attributed to 
spontaneous discharge of injured hair cells 

Hearing loss associated with injury to the 
hair cells is accompanied by the phenomenon 
of recruitment That is, at the frequencies of 
greatest impairment there is a more rapid 
growth of loudness than normal (compare the 
rapid growth of loudness in the normal ear at 
low frequencies) such that the balance of 
sounds over a broad range of frequencies, in- 
cluding the range of impairment, may be 
normal at higher sound intensities (Fig 8 28) 
If sensorineural impairment is the result of 
infection, it may be unilateral Meniere’s syn- 
drome IS accompanied by hearing loss in the 
low frequencies, and by sometimes violent at- 
tacks of vertigo This probably is the result of 
an involvement of the other sensory elements 
in the labyrinth as well as the cochlea Tumors 
may cause auditory impairment in a variety of 
ways depending on their location and extent 
They are not associated with recruitment, 
however 

Finally, just as vision appears to show pro- 
gressive degradation with increased age, so 
does hearing (Fig 8.29), particularly for higher 
frequencies Fortunately, the discnmination of 
speech depends primarily on frequencies be- 


tween about 500 and 3000 to 5000 Hz There- 
fore, the characteristic high frequency loss with 
increasing age causes only a minimum of diffi- 
culty in most circumstances (French and 
Steinberg, 1947) 

A relatively new hazard to hearing results 
from the specific action of drugs of the strepto- 
mycin group on the labyrinthine mechanism 
They cause degeneration of the hair cells, 
which may occur even more rapidly for the 
vestibular apparatus than for the organ of 
Corti Such drugs have been useful experimen- 
tally for pharmacological labyrmthectomy 

THE MEASUREMENT AND DIAGNOSIS OF 
HEARING IMPAIRMENT 

Audiometry. The standard clinical tool for 
the measurement of hearing, the audiometer, 
consists of an oscillator for the production of 
selected frequencies usually ranging from 125 
to 12,000 Hz , an amplifier, an attenuator or 
volume control, and headphones which can be 
driven individually or with various balances of 
excitation The output of the oscillator is ad- 
justed at each of the frequencies such that 
when the attenuation control is set at zero, the 
output of the headphones represents a signal 
corresponding to the sound pressure level of a 
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Exposure 


Intensity lOOO Hz, 120 db, 32 mm 

level 



125 250 500 1000 2000 


Frequency - Hz 

Fig 8 28 Intensity levels required for a match of 
loudness over the frequency range from approximately 
125 to 8000 Hz following exposure to a lOOO-Hz tone 
at 120 db sound pressure level for 32 min Loudness 
matches are shown for each of four levels relative to the 
1000 Hz normal reference level 0 db 40 db 70 db 
and 100 db Note that there is virtually no elevation of 
the intensity level required in the frequency range af- 
fected for the 100-db level and relatively little effect at 
the 70'db level (Davis et al 1950) 



31 62 125 500 2000 8000 

Frequency in cps 


Fig 8 29 Progressive loss of sensitivity at high fre- 
quencies with increasing age The normal audiogram at 
20 years of age serves as a reference for the losses rep- 
resented at greater ages (Licklider 1951) 

standard reference curve (see Fig 8 24) The 
attenuation control is usually calibrated in 5- 
db steps An increase in the reading of the 
attenuation control corresponds to an increase 
in the sound power level at the headphones by 
an equivalent amount Thus, if an appropriate 
attenuator setting can be determined at which 
a subject just hears the tone at a given fre- 
quency, then the reading of the attenuator 


control represents the sound power level over a 
normal standard which is required for that pa 
tient at that frequency An audiogram can 
then be plotted which represents hearing loss 
at each of the selected frequencies m terms ot 
the increased sound power required in decibels 
as compared with the normal level The exam- 
iner need not concern himself with the specific 
form of the frequency response of the ear The 
device is compensated for this and provides for 
a direct measurement of loss relative to the 
appropriate reference at each frequency tested 

There are a variety of procedures for testing 
hearing with an audiometer (Jerger, 1963) A 
fairly simple one for most patients is the pres- 
entation oh tones continuously at a le\el 
slightly above threshold The continuous tone 
is interrupted at random intervals by the ex 
aminer The patient is instructed to signal the 
interruption of the tone by depression of a 
switch which causes a light to come on on the 
instrument panel The whole procedure has 
been automated m a device designed by von 
Bekesy in which the patient holds a button 
depressed as long as he hears the tone and re- 
leases it when he is unable to hear the tone 
Depression of the button drives the output of 
the oscillator down Output increases at a reg- 
ular rate when the button is not depressed 
The frequency spectrum is swept slowly from 
100 to 10,000 Hz and a recording pen traces 
the upward and downward changes in inten- 
sity corresponding to the subject’s manipula- 
tion of the switch The midpoint between re- 
versals of direction of the pen may be taken as 
a reasonable representation of threshold Ex- 
amples of audiograms obtained with the con- 
ventional procedure are shown in Figure 8 30, 
a von Bekesy audiogram is illustrated in 
Figure 8 31 

Several methods have been developed for 
the testing of hearing without the requirement 
for any instruction or special performance on 
the part of the patient One of these depends 
upon an electrodermal response (EDR) or 
change in resistance of the skin which follows a 
mild electric shock The shock is regularly 
paired with the testing tone until it comes to 
evoke the EDR, even before shock is pre- 
sented In another test, the electroenceph- 
alographic response recorded from scalp elec- 
trodes provides an indication of whether a tone 
has been heard Responses are evoked m the 
electroencephalogram by sound stimulation for 
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Fig 8 30 Audiograms illustrating conductive im- 
pairment of hearing on the left and sensorineural impair- 
ment of hearing on the right The solid curve is for air 
conduction the dashed curve for bone conduction Note 
that bone conduction and air conduction curves are quite 
similar in sensorineural impairment 
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Fig 8 31 A von Bekesy audiogram of a middle-aged 
patient with some sensorineural impairment attributable 
to cumulative effects of quinine ototoxicity repeated ex- 
perimental exposures to sound at 120 to 140 db sound 
pressure level and advancing age 


appropriately placed electrodes, and a skilled 
operator may determine threshold values by 
the interpretation of such records 
Bone Conduction Tests. A variety of proce- 
dures is available which assist in the diagnosis 
of hearing impairment In addition to the 
headphones used with an audiometer, a small 
vibrator may also be used This is placed ei- 
ther on the forehead or on the mastoid promi- 
nence behind the ear Vibrations of the skull 


are transmitted to the cochlea and oval 
window directly For frequencies up to about 
1500 Hz , the nature of suspension of the ossi- 
cles in the middle ear is such that they do not 
tend to move with skull vibration Thus, there 
IS a relative motion between the footplate of 
the stapes and the oval window Sound is 
heard just as it would be if the stapes itself 
were vibrating At higher frequencies, the skull 
does not vibrate as a rigid body but rather in 
sections As vibrations are transmitted to the 
bony walls of the cochlea, the contained fluids 
are set in motion and hair cells are stimulated 
With either mechanism of bone conduction, 
the pathways of the external meatus and the 
middle ear are bypassed Thus, a loss which 
may be registered when measurements are 
made with air conduction by reason of conduc- 
tion deafness will not appear Of course, ac- 
count must be taken of the lower efficiency of 
the bone conduction pathways to the inner ear 
The difference in threshold may be anywhere 
between 30 and 60 db , depending on the con- 
ditions of measurement A special attenuation 
scale IS often included on a clinical audiometer 
which differs from the scale employed with 
headphones by approximately 30 db , at least 
over a limited range of calibrated frequencies 
The audiograms illustrated in Figure 8 30 pro- 
vide an example of the diagnostic value of 
employing both air conduction and bone con- 
duction measurements In the curve on the 
left, a near normal audiogram is obtained by 
bone conduction while there is a better than 60 
db attenuation with air conduction Clearly, 
the nature of the impairment here involves 
conduction to the inner ear On the other 
hand, in the figure on the right, the roughly 
equal impairments demonstrated by air con- 
duction and bone conduction signify some 
form of sensorineural involvement Problems 
may arise in testing unilateral deafness with 
bone conduction techniques Sound may be 
conducted around the head to the good ear 
when the bone conduction vibrator is located 
on the mastoid bone behind the impaired ear 
The patient can then provide a correct report 
as to the presence or absence of the tone near 
normal levels in spite of his impairment This 
problem is overcome by presenting a masking 
sound to the good ear As indicated above, the 
contralateral effect of masking is relatively 
minimal The appropriate masking level may 
be adjusted on the basis of comparative meas- 
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urements of air conduction thresholds in each been developed These permit the identifica- 

of the ears When the good ear is masked, bone tion of changes which lesult from pathoiog}' 

conduction thresholds can confidently be made involving the drum or the ossicular chain 

on the impaired ear Application of a loud sound to the opposite ear 

Diagnosis of Recruitment Recruitment, or will elicit a reflex contraction of the stapedius 
an abnormally rapid increase m loudness with muscle of the ear under test which, in the 
increase in sound intensity, can be demon- normal ear, will result in a characteristic 

strated in cases of unilateral hearing impair- change in the measured impedance Recruit- 
ment by permitting a patient to adjust the ment may be observed if a normal stapedius 

balance control of the audiometer so that the reflex is obtained at a relatively high stimulus 

sound heard appears to be in a medial plane or level m spite of an elevated threshold 

centered m the head When the loudness is Speech Audiometry For practical pur- 
equal for the two ears, this will be the case At poses, particularly the extent to which under- 

very low levels, it will be necessary to increase standing of speech may be affected hy a 

the excitation in the phone over the impaired hearing loss, the absolute threshold for the en- 

ear with respect to the level of excitation m tire range of frequencies may be of little con- 

the phone over the good ear As the sound cern and even the absolute threshold in that 

level IS raised, the amount of imbalance de- range of frequencies which is most important 

creases until at somewhere in the neighbor- for the discrimination of speech may be of 

hood of 70 db the imbalance may be com- little importance As mentioned above, in cer- 

pletely eliminated tain types of sensorineural deafness, there is a 

Other Tests of Hearing Impairment recovery of loudness up to near normal level 
There is a variety of relatively simple diag- with increase in the intensity of a sound above 

nostic tests of hearing impairment which can threshold, even at a frequency where there 

be made with nothing more complicated than may be gross impairment based on threshold 

a tuning fork At the other extreme, techniques determinations For this reason, a variety of 

for the measurement of the impedance pre- tests of hearing based on the recognition of 

sented by the external canal of the ear with its spoken words has been developed Selected 

termination at the tympanic membrane have test words may include spondees, words of two 

Table 8 2 

Classes of hearing handicap ISO-1964 

Average Hearing Threshold Level for 

db Class Degree of Handicap 2000 Hz m the Better Ea r 

More than No more than 

A Not significant 25 db (ISO) No significant difficulty with 

faint speech 

B Slight handicap 25 db (ISO) 40 db Difficulty only with faint 

speech 

C Mild handicap 30 db 55 db Frequent difficulty with 

normal speech 

D Marked handicap 55 db 70 db Frequent difficulty with loud 

speech 

E Severe handicap 70 db 90 db Can understand only shouted 

or amplified speech 

F Extreme handicap 90 db Usually cannot understand 

even amplified speech 


25 

40 

55 

70 

90 


Ability 

to Understand Speech 


From Davis (1965b) 
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syllables which are equally stressed, or mono- 
s> liable words Lists of words are presented to 
the patient from phonographic or tape record- 
ings such that the loudness can be standard- 
ized and controlled Performance is based on 
the number of words that can be repeated cor- 
rectly at various intensity levels Lists of 
words are selected to include appropriate rep- 
resentation of the various speech sounds in 
conversational English The percentage of the 
words which the patient is able to repeat cor- 
rectly IS his discrimination score or articula- 
tion score An index of the adequacy of hearing 
for normal social interaction may be derived 
from such scores (Davis, 1965) 

In the absence of elaborate tests of hearing 
which involve the spoken word, the elevation 
of threshold at frequencies of 500, 1000, and 


20(X) Hz provides a useful indication of the 
significance of the impairment (See Table 8 2) 

HEARING AIDS 

Hearing aids improve the conduction of 
sound to the inner ear They may thus be 
useful in aiding someone with a conduction 
deafness or even with sensorineural impair- 
ment when the resulting deafness is not com- 
plete No effort is made to match the response 
characteristics of the hearing aid to the fre- 
quency response characteristics of the loss of 
the patient Such “prescription” correction has 
not been found to be of any benefit With se- 
vere sensorineural defects, there may be little 
benefit derivable from the use of any type of 
hearing aid 



%/ VESTIBULAR FUNCTION 


The vestibular mechanism is an extremely 
sensitive sensory device that provides mforma- 
tion as to the nature of movements of an orga- 
nism and its position in space The sensory 
receptors of the vestibular system are acti- 
vated by acceleration forces The semicircular 
canals are uniquely suited to the detection of 
angular acceleration components in three di- 
mensional space while the utricles and the 
saccules are so constructed that they will re- 
spond to linear accelerations The utricles are 
believed to play the predominant role in the 
determination of the posture of the head under 
static conditions The stimulus for this kind of 
discrimination depends upon the orientation of 
the earth’s gravitational acceleration vector 
with respect to the sensory organ The saccules 
are richly innervated and in many ways quite 
similar to the utricles, but their precise func- 
tion is somewhat uncertain It has been sug- 
gested that they may be of most importance 
for the detection of vibration and possibly very 
low frequency sound 

The vestibular sense does not have the con- 
scious prominence of vision, audition, touch, 
taste or smell Normally, one is unaware of any 
vestibular dimension of sensory experience 
Only with malfunction of the system with re- 
sulting dizziness, nausea and other symptoms 
does the function of the vestibular mechanism 
attain prominence 

Vestibular signals are undoubtedly of great 
importance for an animal as it moves about in 
space The control of movements of the entire 
body, of the head, and particularly of the eyes 
with respect to the head is refined by feedback 
signals from the vestibular mechanism in re- 
sponse to bodily movement There are clearly 
very important species differences with respect 
to the prominence of the vestibular mecha- 
nism Animals which live m three dimensions, 
such as birds and fish and climbing animals 
including the cat, have highly developed 
neural support systems for the vestibular de- 
tectors and these animals tend to be de- 


pendent to a greater degree than other species 
on the normal function of this system 

We tend to think of the world as we perceive 
it, at least when we are studying sensory proc- 
esses, as a world made up of dimensions that 
correspond to our various sensory systems For 
man, the vestibular sense hardly has any inde- 
pendent identity by reason of its lack of any 
conscious concomitant most of the time In 
fact, our perceptions of the world depend m 
large degree on interactions among the senses, 
and the stability of the visual world in partic- 
ular IS dependent upon the coordination of 
motor responses involving postural mecha- 
nisms, the extraocular muscles and sensory 
mformation provided by the vestibular mecha- 
nism 

Anatomy and Physiology of 
Labyrinthine Systems 

COMPONENTS OF THESE SYSTEMS 

The extra-auditory portion of the labyrin- 
thine system includes the three semicircular 
canals, the utricle and the saccule (Fig 8 32) 
The sensory endings m these structures, lo- 
cated in the cristae of the canals and the ma- 
culas of the utncle and saccule, are all inner- 
vated by fibers of the vestibular division of the 
eighth cranial nerve These organ systems are 
made up of interconnected fluid-filled ducts 
and sacs which are enclosed m the bony laby- 
rmth within the temporal bone The semicir- 
cular canals open at each end to the vestibular 
chamber in which are located the utricle and 
saccule This portion of the system is_contm- 
uous with the auditory labyrinth The entire 
membranous labyrinth is filled with endo- 
lymph similar to intracellular fluid and of rela- 
tively high potassium concentration Sur- 
rounding the membranous system within the 
bony labyrinthine cavity is the penlymph, 
similar in composition to the cerebral spinal 
fluid The nonauditory labyrinth is distin- 
guished from the entire labryinthine system 
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Fig 8 32 A schematic illustration of relations among the semicircular canals the utricle and the saccule and 
the cochlear duct of the right side The membranous semicircular canals are shown within their surrounding bony struc- 
ture Nerve connections into the ampullae and the utricle and saccule are shown Various parts of the anatomy of the 
entire mechanism are identified on the figure (Melloni 1957) 


including the cochlea as the vestibular system 
There are several excellent detailed treatments 
of the anatomy and physiology of this system 
v;hich provide more information than the 
present account (Wendt, 1951, Howard and 
Templeton, 1966, Roberts, 1967) 

The Semicircular Canals. The three semi- 
circular canals on each side of the head are 
oriented m each of three planes which are very 
nearly perpendicular to each other (Fig 8 32) 
This arrangement permits response to angular 
accelerations about any axis in three dimen- 
sional space The sensory epithelium of the 
semicircular canals is located within the am- 
pulla of each canal (Fig 8 33) It is evident 
(Fig 8.32) that the ampulla of the horizontal or 
lateral canal, and that of the superior or ante- 
rior canal are located close together near the 
anterior terminations of these canals on the 
vestibule in the region occupied by the utricle 
The ampulla of the posterior or inferior canal 


is proximal to the opposite side of the utricle 
near the narrow end of the horizontal canal 
The two vertical canals, superior and posterior, 
join together in the common crus prior to their 
entry into the utricular portion of the vesti- 
bule 

When the head is held erect the horizontal 
canals are actually inclined downward toward 
the rear by approximately 30° If the head is 
tilted forward such that the opening of the 
external meatus and the outer canthus of the 
eyelids are on the same horizontal line, then 
the horizontal canals are very nearly in a hori- 
zontal plane (Fig 8 34) Since the anterior 
canal on one side is m a plane parallel to that 
of the posterior canal on the other side, the 
contralateral anterior and posterior canals are 
maximally stimulated by rotations about a 
common axis 

Stimulation of a given pair of semicircular 
canals (the horizontal canals in the same plane 
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Fig 8 33 Illustration in three dimensions of the 
crista ampullaris (Wersall 1956) 



Fig 8 34 Relations of the semicircular canals to the 
median sagittal transverse frontal and horizontal planes 
of the head 

or vertical canals m parallel planes) occurs 
whenever a component of angular motion is 
introduced about an axis which is perpendic- 
ular to their plane or planes The mechanism 
of excitation is bending of the cupula This 
IS caused by the inertial displacement of the 
endolymph within the membranous canal 
whenever there is any angular acceleration of 
the canal The fluid tends to remain stationary 
as the motion of the canal commences The 
cupula is thus bent about its point of attach- 
ment to the wall of the ampulla as the wall 
moves at a greater initial rate than does the 
fluid which the canal contains The cupula, a 
gelatinous mass extending from the top of the 


crista to the opposite wall of the ampulla, is m 
sufficiently close contact with the wall to block 
the flow of any fluid around it This has been 
demonstrated by the injection of dye into the 
canal m fish and the observation that with ro- 
tation of the system and bending of the crista 
and cupula there is no leakage of dye from one 
side to the other (Stemhausen, 1933) Bending 
of the cupula causes bending of the hair cells 
which arise out of the crista and are enveloped 
in the gelatinous substance of the cupula 

If the organism is rotated at a constant \e- 
locity, the endolymph within the rotating semi- 
circular canals reaches the same velocity as 
the rest of the system, although belatedly, and 
excitation of the receptor endings ceases If the 
rate of rotation is then reduced, the inertia of 
the endolymph tends to keep it in motion as 
the canal slows down and there is bending of 
the cupula in the opposite direction 

Apparently, the mucopolysaccharides which 
comprise the cupula are secreted by the sup- 
porting cells of the crista There are two types 
of hair cells on the crista (Fig 8 35) The cylin- 
drical type is served by both afferent and ef- 
ferent nerve endings 

Each of the hair cells has from 60 to 100 
stereocilia or individual hairs which emerge 
from its distal surface A single kinocilium is 
located on one side of the cluster of stereocilia 
The kmocilium is the longest of the cilia and 
the stereocilia are graded in length with the 
longest being closest to the kmocilium The 
two types of hair cells are distributed over the 
entire surface of the crista, but the bottle- 
shaped cell (Fig 8 35) is concentrated on the 
vertex of the crista In the cristae of the hori- 
zontal canals, the kinocilia of the hair cells are 
always located on the side toward the utricle 
On the other hand, m the case of both the an- 
terior and the posterior vertical canals, the 
kmocilia are always located on the side of the 
hair cells away from the utricle It has been 
demonstrated that bending of the cilia of the 
hair cells in the direction of the kmocilium 
results in depolarization of the cells and 
heightened neural activity Bending in the 
opposite direction results m hyperpolarization 
and reduction of the base level of activity (Fig 
8 36) Thus, when patterns of motion are such 
that the endolymph tends to move with re- 
spect to the membranous wall of the canals, 
there will be excitation in the member of a 
pair of canals on one side of the head and inhi- 
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Fig 8 35 Two types of vestibular sensory cells The 
flask-shaped type I cell (HC 1) is surrounded by a nerve 
calyx (NO Nerve endings presumed to be efferent (NE 2) 
make contact with the nerve calyx and directly with the 
type II cylindrical sense cell (HC II) These cells are sup- 
plied by both NE 1 and NE 2 types of nerve endings Sev- 
eral types of mitochondria (Mi to Ms) are found in the 
sensory cells and neural elements Additional elements 
identified in the figure include kmocilia (KC) stereocilia 
or hairs (H), microvilli (MV) granules (Gr) cell nuclei 
(Nu) supporting cells (SC) unmyelinated nerve fibers 
(UMN) myelinated fibers (MN) basement membrane 
(BM) Golgi complex (GB) synaptic bar (SyB) reticular 
membranes (RM) intracellular membrane (IM) vesicu- 
lated body (VB) and nucleus of supporting cell (NS) (Eng- 
strom Ades and Hawkins, 1965b) 

bition on the other side Rotation of the body 
to the right about a vertical axis with head 
erect will cause bending of the cupula in the 
right horizontal canal toward the utricle or 
vestibule This will result in excitation The 
horizontal canal on the left side will be inhib- 
ited as its cupula is bent away from the 
opening into the utricular chamber 
Depending upon the orientation of the axis 
of angular acceleration, the two anterior ver- 
tical canals may both be inhibited, both ex- 
cited, one inhibited and one excited or neither 
stimulated It must be remembered that they 
do not operate as a pair, however The anterior 
canal on one side and the posterior canal on 
the other work as a pair and they are so ar- 
ranged that whenever one is excited, the other 


will be inhibited In the case of both the ante- 
rior and posterior vertical canals, rotations 
which result m bending of the cupula away 
from the opening into the utricle cause excita- 
tion 

The lateral selectivity to direction of angular 
rotation was hrst established by Ewald (1892), 
who stated the nature of the response in what 
IS known as Ewald’s Second Law The subse- 
quent discovery of the kmocilia and their rela- 
tive orientations in the different canals pro- 
vides us with a knowledge of the anatomy 
which underlies this law (Ewald’s First Law 
stated that the cupula within the ampulla was 
the site of sensory activation ) 

The diagonal orientation of the two vertical 
canals results in both anterior and posterior 
canal stimulation for rotation about either a 
transverse lateral or a transverse medial axis 
Only rotations about an axis perpendicular to 
the parallel planes of the anterior canal on one 
side and the posterior canal on the other side 



Fig 8 36 The excitation depolarization response 
which results when hair cells are bent in the direction of 
the kinocilium or the inhibition polarization response for 
bending in the opposite direction For a given direction of 
bending the amplitude of effect is approximated by the 
length of a line drawn from the point of tangency of the 
two circles to the intersection of either the circle repre- 
senting excitation or the circle representing inhibition 
(Flock 1965) 
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would fail to stimulate more than one of the 
vertical canals The backward tilted position of 
all three of the canals when the head is erect 
results in excitation of two vertical canals and 
one horizontal canal for any rotation about a 
vertical axis The pattern of excitation and 
inhibition of the six canals is shown in Table 
8 3 for rotations about longitudinal, transverse 
and vertical axes 

Excitation of the appropriate canals com- 
mences with the beginning of angular accelera- 
tion and continues for twenty or more seconds 
after a constant angular velocity has been 
reached Neural discharges signaling excitation 
begin again upon decrease in angular velocity, 
this time from the opposite canals of the var- 
ious pairs stimulated by the original rotation 
Various factors which influence the threshold 
angular acceleration for neural activity are dis- 
cussed below Suffice it to say here that the 
threshold angular rate of acceleration is of the 
order of Vi ° per sec ^ (Clark, 1967) 

The Otolith Organs. The function of oto- 
lith organs is fundamentally different from the 
function of semicircular canals Whereas the 
latter are excited by reason of the inertial 
properties of endolymph within the membra- 
nous canals, m the otolith organs, stimulation 
depends upon the difference in density of the 
otoconia or statoconia, small calcium car- 
bonate crystals, with respect to the gelatinous 
substrate which supports them The hair cells 
of the otolith organ are virtually identical with 
those of the cristae of the semicircular canals 
Deflection of the hair cells of the otoliths de- 
pends upon relative motion of the otoconia 
with respect to the supporting substrate The 
cilia of the otolith hair cells are somewhat 
shorter than those of the semicircular canals (5 
to 7 /i) and extend into the gelatinous sub- 
strate (Fig 8 37) The specific gravity of the 
otoconia is approximately 2 94 This is consid- 
erably higher than the specific gravity of the 
supporting structure Thus, the action of a 
component of linear acceleration on the oto- 
conia results in the exertion of a force for de- 
formation of the otolithic membrane and con- 
sequently, possible bending of the hair cells 
The direction of bending will depend upon the 
orientation of the resultant acceleration force 
Terrestrial creatures are continuously subject 
to the acceleration of the earth’s gravitational 
field and any movement of the head may 
change the orientation of this acceleration with 


Table 8 3 

Responses of the six semicircular canals (of fish the 
thornback ray) to rotation 


Rotation about the 



1 Longitu- 
Idinal axis 

i i 

Trans- 

verse 

axis 

Vertical 

axis 

Semicircular Canal 

Right 

Left 

Forwards 

Backwards 

Q) 

CO 

? 

0 

5 

Anticlock- 

wise 

Right anterior vertical 

• 

0 

• 

0 

0 


Left anterior vertical 

0 

• 

• 

0 

# 

0 

Right posterior vertical 

1 # 

0 

0 

• 

% 

0 

Left posterior vertical 

® 

# 

0 

m 
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# 

Right horizontal 

O 

O 

O 

o 

# 

0 

Left horizontal 

O 

o 

O 

o 

0 

® 


@ excited, 0 inhibited, O unaffected (After 
Lowenstein and Sand, 1940 ) 


respect to the otolith organs Thus, the direc- 
tion of bending of hair cells will vary with 
head position 

The otoliths have been called static recep- 
tors in contrast to the semicircular canals 
which are called dynamic receptors For a 
given position of the head, otoconia may exert 
a force which will maintain hair cells in a bent 
position, even though the head is maintained 
stationary In the case of the semicircular ca- 
nals, a force acts upon the cupula only during 
angular acceleration At constant velocity of 
rotation, the cupula returns to its resting posi- 
tion and excitation of the hair cells ceases At 
least some cells of the otolith organs respond 
continuously for a given head position There 
would appear to be a characteristic pattern of 
nerve fiber activity associated with any spe- 
cific position of the head 

The Utricles. The utricular organ (Fig 8 32) 
communicates with the saccule by way of the 
utriculosaccular duct As mentioned above, the 
circular loop of the semicircular canals is 
closed through the utricle The macula of the 
utricle IS similar to the crista, with both types 
of hair cells and supporting cells The cupula 
is replaced by the otolithic membrane, how- 
ever, into which extend the shorter hairs of the 
utricular hair cells The densely packed utricu- 
lar stones or calcite crystals are embedded 
m the upper surface of the otolithic mem- 
brane The macular surface of the utricle is 




8 37 Bun.es o, sense, ha. cells at t.e surface o^^^rs^reVSta.^ 
cope A freeze-drymg technique was employed for preparation of the spec 
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sd on the lower and forward walls of the 
liar sac with its posterior two-thirds in a 
I approximately parallel to that of the 
ontal canal The anterior third is turned 
ightly (Fig 8 38) The right and left utric- 
maculas are in the same orientation and 
ymmetneal in shape and organization 


Unlike the hair cells of the cristae, the hair 
cells of the utricular maculas do not all ave 
the same orientation with respect to location 
of their kinociha Virtually every orientation is 
represented in each of the macular surfaces 
The arrows m Figure 8 39 represent onenta- 
f of the hair cells over the surface of the 
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Ftg 8 38 The utricular macula of the guinea pig 
showing separate innervation of its two portions one 
from the upper and one from the lower division of the 
vestibular nerve There is presumably also some efferent 
innervation (Ades and Engstrom 1965) 



Fig 8 39 The pattern of polarization of sensory cells 
in the utricular macula of the guinea pig Arrows indi- 
cate the direction of bending of statocilia for excitation 
(Spoendim 1965) 

macula It is evident that tilting of the head 
from a vertical position in any direction will 
result in the bending of hairs of at least some 
of the hair cells in the direction of their kino- 
cilia There would thus appear to be possible a 
kind of position coding of excitation on the 
surface of the macula corresponding to the po- 
sition of the head If the head is tilted back- 
ward and down through 150°, most of the oto- 
conia will be pulled out and away from the 
gelatinous substrate of the macula by the force 
of gravity As one might expect, under these 
circumstances, the ability of a human subject 
to correctly identify his head position in the 
absence of other cues is least accurate (Brown, 
1960) Electrophysiological studies (Lowenstem 
and Roberts, 1951) have revealed that tilting of 
bead abont any horizontal axis gives nse to 


activation of the macula of the utricle on ei 
ther side of the body Individual functional 
units give maximal responses in accordance 
with the kind of orientation pattern depicted 
m Figure 8 39 In addition to the response of 
the system to the orientation of the Imear ac- 
celeration vector of the earth’s gravitational 
field, there is a displacement of the otoconia 
whenever the body is subjected to linear accel 
erations of any sort under dynamic conditions 
In addition, rotation about any axis which does 
not pass through the utricle is accompanied by 
a linear acceleration component, the instanta- 
neous turning moment of which displaces oto- 
conia and bends hair cells 

The dotted line in Figure 8 39, which illus- 
trates the boundary between units of reversed 
polarity, is also associated anatomically with a 
boundary between relatively large otoliths on 
one side and smaller ones on the other 
(Spoendim, 1965) 

The Saccules. The saccule is connected to 
the cochlear duct by way of the ductus reu- 
niens The macula of the saccule is located on 
the medial wall of this cavity m an approxi- 
mately vertical orientation in an anteropos- 
terior plane The otoliths (Fig 8 40) are lateral, 
with the macular substrate medial There is a 
slight concavity of the macular surface as 
viewed from its lateral aspect on a given side 
The surface and its shape along with the direc- 
tion of onentation of the kinociha of the hair 
cells are illustrated in Figure 8 41. Unlike the 
macular surface of the utricle, the hair cells on 
either side of a line representing a reversal in 
orientation have kinociha oriented away from 
each other rather than toward each other In 
spite of the striking similarity between the 
saccules and the utricles, the nature of the 
function of the saccules is still not understood 
The nature of the structure of the saccules 
suggests that they are probably responsive to 
linear accelerations, but electrophysiological 
confirmation of any understandable functional 
role for these organs remains to be accom- 
plished. 

NEURAL INNERVATION OF VESTIBULAR 
EPITHELIA 

The diameter of fibers ending on the type 1 
hair cells that have the shape of a flask or a 
chalice (Fig. 8 36) is thought to be, in general, 
greater than the diameter of fibers terminatmg 
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Fig 8 40 Otoconia of the macula of man as revealed by a scanning electron microscope Hexagonal prisms may be 
discerned clearly in unsectioned material (Photomicrograph provided through the courtesy of Hans Engstrom See 
Engstrom 1968) 


on the cylindrical or type 2 hair cells (Wersall, 
1956, Engstrom and Wersall, 1958) It has also 
been shown, however, that cells of both types 
may be innervated by branches of the same 
nerve fiber Innervation of the type 2 cell may 
come directly from a nerve calyx surrounding a 
type 1 cell The type 2 cells receive at least two 
different types of nerve endings The first of 
these forms a synaptic contact with the hair 
cell plasma membrane which may be some- 
what indented into the cell itself (Engstrom, 
1961) These endings are believed to be those 
of afferent fibers 

Another type of nerve ending on these cylin- 
drical hair cells is bouton-shaped, densely 
granulated and in direct contact with the cell 
surface There is evidence that nerve endings 
of this type also contact nerve fibers of the 


former type at synaptic junctions The chalice- 
shaped hair cell is almost completely envel- 
oped by a sparsely granulated nerve calix 
Recent investigations have shown that there 
are areas where the space between the calix 
and the cell is reduced which may be asso- 
ciated with a synaptic bar (Ades and 
Engstrom, 1965) Densely granulated endings 
of the type associated with the cylindrical cells 
are found outside the nerve calix (Engstrom, 
1961) Collateral branches between the cylin- 
drical and chalice-shaped cells are common 
Sometimes, several hair cells may be found 
enclosed in a single chalice (Ades and 
Engstrom, 1965) 

Studies in which the vestibular nerve or the 
vestibular nuclei have been transected indicate 
that the vesiculated nerve endings are efferent 
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and that the nerve fibers to which they corre- 
spond enter with the vestibular nerve (Smith 
and Rasmussen, 1963) Selective Wallerian 
degeneration is most notable m six to ten days 
after section of the nerve root These fibers 
show selective staining for acetylcholinesterase 
which quality is lost after sectioning The fi- 
bers have therefore been compared with the 
efferent fibers to the cochlea m the olivococh- 
lear bundle The efferent fibers apparently 
form a horizontal nerve plexus which tends to 
be found in the lower half of the sensory struc- 
tures (Fig 8 42) 

Although there is a difference in density of 
the neural innervation, the density being 
greater for the maculas, the arrangements are 
similar for maculas and cristae At least some 
of the neurons which give rise to efferent proc- 
esses appear to be located in the lateral vestib- 
ular nucleus (Gacek, 1961) The number of ves- 
tibular efferent fibers is estimated to be ap- 



Fig 8 42 Four hair cells and their nerve endings shown m relation to vesicutated boutons (VB) chalice terminals 
(O and other boutons and nerve fibers in the chinchilla macula BM basement membrane SB synaptic bar The hori- 
zontal plexus IS believed formed by efferent nerves (Smith and Rasmussen 1967) 


SUPERIOR 



Fig 8 41 The polarization pattern of sensory cells m 
the saccular macula of the guinea pig Note that although 
the direction for depolarization is reversed in the region 
of the middle of the structure as was true for the utricle 
the direction of bending for excitation is reversed as con- 
trasted with that shown in Figure 10 (Spoendim 1965) 
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proximately 200 Their pathways are illus- 
trated m Figure 8 43 It is fairly well estab- 
lished that they permit direct inhibitory ef- 
fects on sensory elements of the receptor 
mechanism (Sala, 1968, Wersall, 1968) 

CENTRAL NEURAL CONNECTIONS OF 
VESTIBULAR RECEPTORS 

Afferent fibers of vestibular receptors are 
conveyed to the medulla by the vestibular 
branch of the eighth nerve The cell bodies of 
the bipolar vestibular neurons are in Scarpa’s 
ganglion within the internal auditory meatus 
Axons terminate in the superior, lateral, 
medial and inferior vestibular nuclei of the 
medulla as well as in the flocculonodular lobe 
and the fastigial nuclei of the cerebellum Fi- 
bers from the superior nucleus join the medial 
longitudinal bundle on the same side Those 
from the medial nucleus cross to the medial 
longitudinal fasciculus on the opposite side 
Fibers from the inferior nucleus ascend in the 
medial longitudinal fasciculus on both sides 
Fibers from these nuclei terminate in nuclei of 
the third, fourth and sixth cranial nerves They 
constitute the vestibulo-ocular tract which 
mediates reflex movements of the eyes (Fig 
844) 

Descending fibers from the inferior nucleus 
comprise a portion of the spinal extension of 
the medial longitudinal fasciculus The fibers 
of the lateral nucleus comprise the descending 
vestibulospinal tract Postural reflexes in- 
volving the neck, trunk and limbs are medi- 
ated by these pathways as illustrated in Figure 
8 45A Connections to the vestibulocerebellar 
tract are illustrated m Figure 8 45 jB There are a 
variety of connections between vestibular nu- 
clei and reticular formation which are probably 
involved m the modulation of flexion and ex- 
tension responses of the limbs as well as in the 
activities of other sensory systems 

methods of study of the 

VESTIBULAR SYSTEM 

A variety of techniques has been employed 
by physiologists in their efforts to investigate 
the vestibular system For stimulation of the 
semicircular canals, rotation is the most ap- 
propriate and the most frequently employed 
procedure (as in the Barany chair which per- 
nnts rotation about a vertical axis) Another 
procedure useful clinically is caloric stimula- 
tion Water of a higher or lower temperature 



Fig 8 43 Diagram of the vestibular nerve and 
branches illustrating the course and distribution of the 
efferent vestibular fibers to the superior ampulla (S a ) 
the horizontal ampulla (H a ) and the posterior ampulla 
{Pa)(Gacek 1967) 

than body temperature may be injected into 
the external meatus for varying intervals of 
time If the temperature gradient is sufficient 
and a long enough duration of stimulation is 
employed, the temperature of the fluids of the 
semicircular canals is apparently raised or 
lowered in the region of the vestibule resulting 
in convection currents which serve to stimu- 
late the canals A high temperature solution 
may be used on one side, and a low tempera- 
ture on the other to maximize effects On the 
other hand, one value of the technique is that 
it permits selective stimulation of the semicir- 
cular canal system on one side of the body 
The supposition that convection currents are 
in fact responsible for the effectiveness of ca- 
loric stimulation is supported by a study which 
mdicates that caloric stimulation is uneffective 
under conditions of zero gravity (Kellogg and 
Graybiel, 1967) Without a gravitational force, 
there are no convection currents 

Stimulus. Stimulation of the otolith sys- 
tems can be achieved by the simple expedient 
of repositioning the head in the earth’s gravita- 
tional field Responses associated with otolith 
organs have also been studied under reduced 
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Fig 8 44 Relation of the vestibular nuclei to the medial longitudinal fasciculus and the motor nuclei of the eye 
muscles for movements in the horizontal plane (Crosby Humphrey and Lauer 1962) 


gravitational acceleration in ballistic trajectory 
flights which can afford brief intervals of zero 
gravity Effects of increased gravitational force 
may be investigated on linear accelerators, or 
on rotating devices with the subject positioned 
at some distance from the axis of rotation 
Under these conditions, there is a linear com- 
ponent of centrifugal acceleration which is 
proportional to the square of the angular ve- 
locity and the distance of the subject from the 
center of rotation Electrical stimulation of the 
vestibular system has been attempted but the 
inability to localize such stimulation has ren- 
dered this procedure of limited usefulness 
Response. Indicators of the effects of vestib- 
ular stimulation which have been employed 
include a number of subjective effects such as 
the sensation of rotation, the appearance of 
rotary movements of the visual field, and the 
impression of tilting or change in orientation 
of the visual field Motor responses such as the 
nystagmus motions of the eyes in response to 
angular acceleration and counterrolling of the 
eyes in response to a change in orientation of 
the gravity vector have also proven useful. In 
addition^ there may be gross motor reactions of 


the body, such as turning of the head or reo- 
rientation of the entire body or movements of 
the limbs m response to angular acceleration 
Responses within the nervous system have 
been studied by means of electrical recording 
from single units in various locations 

The importance of a normal vestibular 
mechanism may be inferred by damaging the 
mechanism or destroying its function in exper- 
imental animals Labyrinthectomies may be 
produced surgically or the vestibular mecha- 
nism may be destroyed by drugs such as strep- 
tomycin with specific toxicity for this organ 
Human subjects with damage to the vestibular 
mechanism, either from pathology or from the 
use of toxic drugs have also been of interest m 
mvestigation of the system 

Psychophysical Studies of Vestibular 
Function 

THRESHOLD DETERMINATIONS 

There is a minimum angular rate of acceler- 
ation which can be detected by a human sub- 
ject Under optimum conditions, that rate is 
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find axes of rotation which did not produce 
any response from single fibers subserving the 
vertical canals m the ray One must be content 
with the selection of orientations of an axis of 
rotation with respect to the head which will 
maximize the stimulation of a given pair of 
canals Actually, for human subjects, there are 
no comparable data based even on such ap- 
proximate maximization techniques for the 
threshold angular accelerations of selected 
pairs of canals 

The best data available are probably those of 
Clark and Stewart (1968), which provide 
thresholds for 18 male subjects with their 
heads in each of three orthogonal positions 
with respect to an earth vertical axis of rota- 
tion Thresholds were determined with sub- 
jects in a seated position, upright, tilted 90° 
backwards, and on one side with respect to the 
surface of the rotating platform Results indi- 
cated mean thresholds of approximately 
0 4° /sec ^ for the upright position and the 
backward tilted position The mean threshold 
for the side position was 0 67° /sec ^ The differ- 
ence between this latter value and the others 
was not statistically significant Interaction 
between otolith excitation and semicircular 
canal excitation may well complicate the in- 
terpretation of results The thresholds reported 
are for the subjective detection of rotation in 
the absence of any visual cues whatsoever. 

Threshold accelerations for the stimulation 
of nystagmus may be observed directly or re- 
corded in terms of the electrical signal be- 
tween two electrodes located on the temples. 
Such thresholds do not depend upon subjective 
report and this may be considered an advan- 
tage, however, the threshold accelerations for 
nystagmus are significantly higher than those 
for either the appearance of movement of a 
reference spot of light rotating with the ob- 
server or the subjective impression of rotation 
in the absence of any visual cues (Howard and 
Templeton, 1966) 

The otolith organs, particularly the utricles 
upon which detection of head tilt is believed to 
depend, may be studied by tilting the body 
very slowly from an erect posture in a chair 
device to some position which deviates from 
the vertical If the rate of tilt is sufficiently 
slow to prevent stimulation of the semicircular 
canals, then the question may be asked how 
much change m orientation of the body with 
respect to the vertical can be detected by the 


subject A common procedure for studies of 
this sort IS the presentation of an illuminated 
line of light, the orientation of which is con- 
trolled by the subject If the subject has been 
tilted to the right or left and is asked to posi- 
tion the illuminated line so that it is in a ver- 
tical orientation, then any deviation of the line 
from the true vertical provides a measure of 
the extent to which the observer is deceived 
with respect to the orientation of his own 
body Probably by reason of the orientation of 
the utricles within the head, the human sub- 
ject IS most sensitive to slight amounts of tilt 
away from the vertical As measured by the 
technique of orienting an illuminated line ele- 
ment, it has been demonstrated that for 
amounts of tilt of greater than 60° there is a 
tendency for subjects to underestimate the 
angle through which they have been tilted 
while for tilts of less than 60° there is an over- 
estimation of the amount of tilt which has 
occurred (Miller and Graybiel, 1966) These 
effects were first reported many years ago 
(Muller, 1916) 

Analogous with the nystagmus response to 
stimulation of the semicircular canals is the 
counterrolling of the eyes which occurs when 
the head is tilted away from the vertical The 
phenomenon does not lend itself readily to 
precise threshold determinations, however 
Counterrolling in the earth’s gravitational field 
IS approximately 10° for 60° of tilt away from 
the vertical No electrical index of counter- 
rolling is readily recordable The dependence 
of counterrollmg on otolith organs, which in 
turn are dependent upon a gravitational vec- 
tor, has been demonstrated by studies of coun- 
terrolling in response to tilt m normal and 
labyrinthine defective subjects both on the 
earth’s surface at 1 x ^ and under zero gravity 
conditions during flight through a ballistic 
trajectory in an aircraft Labyrinthine defec- 
tive subjects show little or no counterrolling 
under any circumstances Normal subjects 
show no counterrolling of the eyes with tilt of 
the body when they are in a zero gravity 
trajectory (Miller et al , 1966) At zero gravity 
the relatively high specific gravity of the oto- 
conia is of no consequence for stimulation of 
the hair cells embedded in the macular sub- 
strate Change in the orientation of the body 
IS not accompanied by an change in a linear 
acceleration vector 

It IS appropriate to assume that the 
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threshold angle of the otolith organs for tilt 
will vary with the magnitude of the prevailing 
gravitational acceleration force A functional 
relation between counterr oiling in minutes of 
arc, and degrees of tilt at each of three levels 
of acceleration is illustrated in Figure 8 46 for 
both normal subjects and labyrinthine defec- 
tive subjects (Miller and Graybiel, 1965) With 
increase in the gravitational force above the 
normal gravitational force at the earth’s sur- 
face, there is an increase m counterrolling of 
the eyes directly proportional to the increased 
acceleration force up to 2 25 x g, the max- 
imum studied, and probably beyond (Woellner 
and Graybiel, 1959) Graybiel and his col- 
leagues, using a photographic superimposition 
technique, have been able to measure counter- 
rolling to an accuracy of 5 mm of arc 

TEMPORAL DURATION OF EFFECTS OF 
VESTIBULAR STIMULATION 

When a subject is exposed to constant an- 
gular acceleration about a given axis, a sensa- 
tion of rotation is induced along with nys- 
tagmus movements of the eyes There appears 
to be an increase in the perceived angular ve- 
locity for approximately 30 sec followed by an 
impression of gradual decrease in angular ve- 
locity There is no decline in the nystagmus 
response to sustained angular acceleration 
which correlates with this subjective impres- 



Fig 8 46 Mean counterrolling response of the eyes 
measured in minutes of arc as a result of tilting in 
angular degrees with respect to a resultant G-force Re- 
sults are presented for both normal and labyrinthine de- 
fective (L-D) subjects (Miller and Graybiel 1965) 


Sion (Guedry, 1965) Thus, the attractive no- 
tion that the appearance of rotation of the 
visual world is somehow directly correlated 
with nystagmus movements of the eyes is 
probably in error Experiments have shown 
that the impression of rotation of the visual 
world may occur when there is no nystagmus 
detectable and that some nystagmus may be 
detectable when a subject is unaware of any 
subjective impression of rotation (Gray, 1960) 
The effects of stimulation of the vestibular 
mechanism by angular acceleration may be 
measured m terms either of the impression of 
rotation, the so-called oculogyral illusion, or in 
terms of the measurable nystagmus move- 
ments of the eyes As suggested above, some- 
what different results are obtained for these 
different indices Continuation of a nystagmus 
response with continuation of angular accelera- 
tion and reduction of the oculogyral illustion 
before termination of angular acceleration sug- 
gests that central factors may override the 
output of the peripheral sensing device as this 
influences conscious perception 
For the usual exposures to angular accelera- 
tion for relatively short durations followed by 
the maintenance of a constant angular velocity 
for varying amounts of time, the perception of 
rotation and nystagmus both continue for 20 or 
30 sec after angular acceleration has stopped 
in a normal subject This observation fits with 
the notion of the cupula as a damped torsion 
pendulum which gradually resumes its normal 
undeflected position when angular velocity is 
constant On the other hand, if rotation occurs 
about a horizontal axis, the perception of rota- 
tion continues for the entire duration of rota- 
tion even at constant angular velocity (Benson 
and Bodin, 1966) The explanation of this dif- 
ference would seem to depend upon the fact 
that with rotation about a horizontal axis there 
is a continuously changing pattern of stimula- 
tion of the otolith organs This provides a con- 
tinuing sensory input which corresponds to the 
continuing rotation even though the velocity is 
constant A curious aspect of this situation is 
that with rotation about a horizontal axis there 
is an immediate cessation of the impression of 
rotation when physical rotation is stopped In 
other words, although the semicircular canal 
stimulation resulting from deceleration should 
produce a continuing signal for some seconds 
after rotation is stopped, the perception of ro- 
tation stops immediately 
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Adaptation. As Adrian has pointed out 
(1943), the vestibular mechanism is not ideally 
suited to situations in which one is subjected 
to protracted angular motions Prior to the 
advent of high speed vehicles, particularly air- 
craft which can maneuver relatively freely in 
three-dimensional space, man was not ordi- 
narily subjected to prolonged angular rotation 
The vestibular system may be ideally suited to 
coordination of the movements of the body 
and fixation of the eyes for short-term rela- 
tively low amplitude rotations, but this is 
clearly not the case for prolonged rotation 
After prolonged rotation at constant angular 
velocity, any deceleration results in sensory 
signals from the canals which are appropriate 
to rotations m the opposite direction and quite 
inappropriate to the actual motions involved 
This gives rise to difficulty of interpretation of 
the nature of the motion path of an aircraft in 
flight and has been blamed for innumerable 
aircraft accidents 

The zero gravity environment of space is 
inconvenient from the standpoint of manipu- 
lating liquid foods and other aspects of daily 
living, and also presents certain physiological 
hazards with respect to venous return of blood 
to the heart and calcium metabolism For 
these reasons, it has been suggested that an 
artificial gravity might be useful for space sta- 
tions and for space travel Such an artificial 
gravity could be achieved only by the mainte- 
nance of a constant angular velocity of the 
space station with occupants living at an ap- 
propriate radius so that the centrifugal force 
would provide an artificial gravity Problems 
arise by reason of the fact that the radius must 
necessarily be relatively short In moving 
about in such an environment, individuals will 
tilt their heads about various axes which may 
be orthogonal to the axis of rotation Such ro- 
tations give rise to Coriolis accelerations in 
which there may be a bilateral asymmetry of 
stimulation of the vestibular mechanisms The 
results of this effect can be most disturbing 
with respect to orientation and at worst may 
cause motion sickness 

Investigations have been conducted in which 
volunteer subjects have lived in rotatmg envi- 
ronments on the earth’s surface with the rota- 
tion about a vertical axis Free movement 
within such an environment is most disturbing 
and induces motion sickness m many subjects 
Adaptation to such an environment such that 


the effects of movement are no longer dis 
turbing can occur if the rate of rotation is less 
than 6 or 7 r p m (Newsom et al , 1966) For 
rates of rotation above 10 r p m long-term 
adaptation is impossible (Graybiel, Clark, and 
Zarriello, 1960) Such a situation may actualH 
be more disturbing than the situation which 
would exist in a rotating space station On the 
surface of the earth the major component ot 
linear acceleration is the earth’s gravitational 
component and a linear acceleration resulting 
from rotation is relatively small and constantlv 
changing with movement of the individual along 
the radius of rotation 

There appears to be little adaptation effect 
for the otolith organs when these are tilted to 
new positions in the earth’s gravitational field 
Whereas the semicircular canals are stimu- 
lated only by angular acceleration and hence 
do not respond to constant angular velocity, 
the otolith organs are stimulated by the pat- 
tern of depression of the macular substrate by 
the otoconia Neural response, as described in 
greater detail below, continues relatively undi- 
minished for each new position in which the 
head is placed If an observer is seated at a 
given radius on a centrifuge, rotating about a 
vertical axis, the otolith organs will respond to 
the resultant force of the centrifugal accelera- 
tion and the earth’s gravitational field The 
result of this kind of stimulation is an impres- 
sion of tilting of the visual world It is reo- 
riented to conform to the direction of the re- 
sultant gravitational force as a new vertical 
reference This is known as the oculogravic il- 
lusion (Clark, 1967) On a centrifuge, the ex- 
tent of tilt perceived by a subject is essentially 
constant for sustained acceleration at a con- 
stant angular velocity (Correra, Hixson, and 
Niven, 1968) 

Habituation. The term, habituation is used 
as distinct from adaptation The former refers 
to effects of repeated exposure to angular rota- 
tion or accelerations Adaptation refers to ef- 
fects which occur in a prolonged single expo- 
sure. It is well known that certain forms of 
habituation occur (Guedry, 1965) Tumblers 
and divers maintain a sense of their position m 
space while performing elaborate rotational 
movements which would be completely diso- 
rienting to anyone lacking in experience, if he 
could possibly perform the motions in the first 
place Figure skaters are capable of high speed 
rotation, as high as 280 r.p m for some sec- 
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onds, following which they can immediately go 
into another complicated skating routine or 
stand immobile They are able to suppress 
nystagmus motions of the eyes almost com- 
pletely if they have an opportunity to look at 
their visual surroundings (Collins, 1966) Nys- 
tagmus movements have been detected by te- 
lemetry techniques in skaters, however, while 
they are m motion and after rotation if their 
eyes are closed It has also been demonstrated 
fairly conclusively that habituation is highly 
selective (Guedry, 1965) That is, a figure 
skater may be able to maintain complete con- 
trol for rotation in a given direction with the 
head in an accustomed orientation On the 
other hand, if direction of rotation is reversed 
or if the head is tilted into an unusual posture, 
the result may be severe disorientation of the 
skater following the rotation 

NYSTAGMUS 

Nystagmus movements of the eyes usually 
associated with high angular acceleration con- 
sist of relatively slow components in the direc- 
tion opposite to that of the acceleration and 
fast components in the direction of accelera- 
tion (Fig 8 47) Were it not extreme, the slow 
component would permit the maintenance of 
fixation on a point in the visual world in spite 



Fig 8 47 Records of horizontal nystagmus move- 
ments of the eyes of a cat to the right in the upper record 
and to the left in the bottom record These records appear 
typical of a nystagmus response to angular acceleration 
although they were obtained from an animal which was 
rotated on a small table located near the edge of a larger 
rotating table such that there was no resultant angular 
acceleration of the animal The experiment is described 
in the text (Money 1966) 


of rotation Figure 8 48 illustrates the average 
slow phase nystagmus responses of 10 men 
subjected to an angular acceleration of 4° /sec ^ 
for a period of 45 sec (Crampton, 1965) It is 
evident that the direction of the slow phase is 
dependent upon the direction of rotation In 
addition, it is clear that the nystagmus effect 
continues for some 20 sec or more after the 
angular acceleration has stopped Cessation of 
the nystagmus in the initial direction is fol- 
lowed by a secondary nystagmus with the slow 
phase in the opposite direction The records in 
Figure 8 48 show some very slight evidence of 
habituation Average responses for the initial 
trials in each direction may be compared with 
average responses for the final trials m each 
direction The fact that the final trials show 
slightly lower maximum values is evidence of 
habituation This effect is even more marked 
with respect to the rate of reduction of nys- 
tagmus following termination of acceleration 
and the amplitude of the secondary nys- 
tagmus 

There is also a suggestion of adaptation in 
the data presented m Figure 8 48 It appears 
that there may be a slight reduction m the 
nystagmus rate prior to the termination of 
acceleration The variability of the results is 
such that they cannot be interpreted as a 
clear-cut demonstration of adaptation, how- 
ever As a matter of fact, nystagmus records, 
although they may show habituation, rarely 
show much if any adaptation Similar data for 
the same kind of exposure are presented in 
Figure 8 49 for the cat Here there is a much 
clearer demonstration of habituation, it is also 
somewhat clearer that there is no adaptation 

For clinical tests using a rotating chair, a 
usual procedure is to rotate the subject at a 
rate of once every 2 sec for a total of 10 revo- 
lutions The chair is then stopped abruptly 
Nystagmus motions are observed which have 
been induced by the abrupt deceleration of the 
chair The slow phase is thus in the same 
direction as the original direction of chair rota- 
tion If, during rotation the head is nearly 
erect bat tilted forward approximately 30“ , 
then the nystagmus movement of the eyes will 
be from side to side or horizontal If the head 
IS tilted down nearly 90“ onto one shoulder 
with rotation about a vertical axis, then the 
direction of nystagmus will be up and down 
with respect to the head If the head is tilted 
back 60° or down 120° from the erect position. 
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Fig 8 48 A record of the velocity of the slow-phase of horizontal nystagmus in man during and following exposure 
to angular acceleration at the rate of 4°/sec ^ The termination of acceleration at approximately 45 sec is marked by a 
vertical line on the graph Results are the average responses for 10 men Results represented by solid circles are for 
counterclockwise or negative acceleration and results represented by open circles are for clockwise or positive accel 
eration The first trial for acceleration in a given direction is represented by a solid line the last trial by a dashed line 
The reversal of direction of nystagmus the so-called secondary nystagmus is shown in all of these records where they 


cross the zero point on the ordinate axis (Crampton 1 965) 

then the nystagmus will be rotary That is, 
rather than a linear motion there will be a tor- 
sional movement of the eyes This is slightly 
more difficult to observe but can readily be 
detected by referring to some unique charac- 
teristic of the ins or a vessel within the sclera 
A wide variety of nystagmus motions is pos- 
sible dependent upon the position of the head 
with respect to the axis of rotation It is evi- 
dent that the three pairs of semicircular canals 
work in concert to drive the appropriate extra- 
ocular muscles for compensation of motion of 
the head about any axis of rotation 
Nystagmus may also be induced by the 
movement of objects in a given direction be- 
fore the eyes. Thus, if the eyes are open during 
rotation, the optokinetic nystagmus will be m 


the same direction as the vestibular nystagmus 
and they will serve to enhance each other 
With the eyes open during deceleration, opto- 
kinetic nystagmus will tend to cancel out the 
vestibular nystagmus For this reason, in ob- 
serving nystagmus effects with the rotating 
Barany chair, subjects are instructed to keep 
their eyes closed until the rotation of the chair 
has been stopped, at which point the eyes are 
opened for observation. 

It IS the slow phase of nystagmus which is 
initiated by the semicircular canals The quick 
component, which is merely a kind of “reset” 
motion, IS attributed to unknown central path- 
ways The charactenstics of the slow phase 
provide us information as to vestibular re- 
sponse to stimulation 
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Fig 8 49 Results similar to those presented in Figure 8 48 representing average values for 1 0 cats the stimulus 
series was identical to that upon which the preceding figure was based (Crampton 1965) 


Nystagmus has been observed in the absence 
of any angular acceleration of the semicircular 
canals If a small rotating table is located at 
the end of an arm which is rotating at the 
same angular rate but in the opposite direc- 
tion, both about vertical axes, an animal on 
the table will maintain a constant geographic 
heading Under these circumstances nys- 
tagmus has been observed in man and in cats 
(Fig 8 47) The stimulus IS a rotating linear 
acceleration vector which does not cause rota- 
tion of liquid in a closed vessel such as the 
semicircular canals Some action on the otolith 
organs might be inferred, but cats with defec- 
tive otolith function also show the effect (Mo- 
ney, 1966) Nystagmus may result from effects 
of changing direction of linear acceleration on 
tissues of differing density within the ampullae 
of the canals 

Orienting Responses. The vestibular stim- 
ulation which results in nystagmus movements 
of the eyes influences other musculature as 


well In a number of animals, nystagmus 
movements of the whole head may be ob- 
served Whole body orientation in the direc- 
tion opposite to that of rotation may also 
occur There is a tendency for increased tone 
in the extensors on the side of the body in the 
direction of rotation and increased tone in the 
flexors on the side away from the direction of 
rotation The direction of these effects is, of 
course, reversed following deceleration Thus, 
if a subject is instructed to stand up and walk 
as soon as the rotation of the Barany chair is 
stopped, he will tend to stagger or fall in the 
direction of the rotation 

Electrophysiologicai Responses to 
Vestibular Stimulation 

Electrical activity from single cells of the 
vestibular system has been a subject of study 
for a number of years (Ross, 1936, Lowenstem 
and Sand, 1936, Adrian, 1943) 
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SEMICmCULAR CANALS 

Gernandt (1949) reported on responses from 
three different classes of cells which he desig- 
nated types I, 11, and III The first of these 
responded by increased spike discharge with 
rotations m a direction which would cause 
bending of the cupula of the lateral canal in 
the direction of the utricle Rotation in the 
opposite direction resulted in an inhibition of 
the resting level of response of the unit The 
second type of cell responded with an increase 
in firing rate with acceleration m either direc- 
tion The third type showed a decrease in 
firing rate with acceleration in either direction 
Gernandt had made these observations in the 
cat The first two types of cell were also found 
by Eckel (1954) and all three were reported by 
Ehiensing and Schaefer in 1958 The latter in- 
vestigators also reported a new type of re- 
sponse, one in which the firing frequency of 
the unit was increased by rotation in a direc- 
tion which would result m bending of the cu- 
pula of the horizontal canal away from the 
utricle and decreased for rotation in the oppo- 
site direction The response of this type was 
thus just the opposite of the first type of unit 
reported by Gernandt The first type may be 
thought of as conforming with predictions 
which one might make from the second law of 
Ewald concerning the appropriate direction of 
stimulation for the horizontal canals 

There are a number of procedural factors 
which must be considered carefully in stimu- 
lating the vestibular system If the axis of rota- 
tion does not pass through the vestibular 
mechanism from which the recorded responses 
originate, then there will be a linear compo- 
nent of acceleration force imposed on the 
mechanism in addition to the angular accelera- 
tion This might result in stimulation of the 
otolith organs and the generation of responses 
which could be mistakenly attributed to semi- 
circular canal function Another problem re- 
lates to the difficulty of so orienting the prepa- 
ration that only one pair of canals is stimu- 
lated With the head erect, the lateral canals 
are stimulated most effectively, but there is 
some component of stimulation of the vertical 
canals as well This may be minimized or 
eliminated by inclination of the head forward 
by approximately 30° 

Crampton (1965) has reported studies of 
single unit responses from the brain stem of 
the cat m which great care was taken to con- 


trol the orientation of the head of the animal 
with respect to the axis of rotation In addi- 
tion, precise control of the rate of angular ac 
celeration was possible and the device per- 
mitted a smooth transition from rotation in 
one direction through 0 angular velocity to ro- 
tation in the other direction He found the 
type I cells of Gernandt which responded in 
accordance with Ewald’s principle for lateral 
canal stimulation as well as the type of cell 
with an opposite response which had earlier 
seen reported by Duensing and Schaefer (1958) 
He did not find any cells which responded 
always with increase in firing rate or always 
with decrease in firing rate for either direction 
of angular acceleration He attributed the ear- 
lier reports of responses of this kind to possible 
slight displacement of the otolith organs from 
the axis of rotation The “non-Ewaldian” type 
of response was attributed by Crampton to a 
component of stimulation which influenced 
the vertical canals With the head erect, a 
direction of angular acceleration which would 
cause bending of the cupula m the horizontal 
canal in the direction of the utricle would also 
cause bending of the cupulae of the two ver- 
tical canals in the same direction However, as 
Ewald pointed out, the appropriate direction 
of the bending of the cupulae of the vertical 
canals for excitation is utriculofugal There- 
fore, these canals would provide an opposite 
effect as compared with the horizontal canals 
With the heads of his animals tilted downward 
30° with respect to the stereotaxic horizontal 
plane, Crampton was unable to find any “non- 
Ewaldian” units With the head erect, they 
were found even when the contralateral branch 
of the eighth nerve had been sectioned, sup- 
porting his contention that they reflect ipsilat- 
eral effects in the vertical canals 

Two different patterns of response were 
found in the cells studied by Crampton With 
positive acceleration there is a slight delay of 
the response which then builds up to a max- 
imum value with approximately 45 sec of 
the beginning of angular acceleration With 
cessation of angular acceleration the response 
decays exponentially over a period of 50 sec or 
more Acceleration in the opposite direction 
results m suppression of response Approxi- 
mately 20 sec after stimulation some activity 
reappears, but this then subsides below the 
normal resting level after about 100 sec and 
remains suppressed for over 5 mm 

Cells of the other sort respond with increase 
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in spike discharge frequency for angular accel- 
eration in one direction and decrease in spike 
discharge frequency for angular acceleration in 
the other direction, but their level of activity 
does not return to a resting level with the ces- 
sation of angular acceleration The level of ac- 
tivity remains in the state induced by the an- 
gular acceleration for more than 5 mm after 
acceleration exposure The level of activity 
may be “switched” to the lower or higher level, 
depending on its state, by accelerating the 
animal in the opposite direction These units 
thus appear to “remember” the direction of 
the last angular acceleration for a sustained 
interval after acceleration has stopped 

OTOLITH ORGAN RESPONSE 

Electrical activity of the otolith organs has 
been studied primarily in the fish by Lowen- 
stein and his associates Recording directly 
from the otolith organs of the skate, Lowen- 
stem and Roberts (1949) discovered several 
distinct types of receptor response patterns 
The stimulus consisted of tilting of the prepa- 
ration in the earth’s gravitational field In 
Figure 8 50, discharge frequencies are shown 
for a receptor in the utricle of the ray for each 
of a series of orientations of the animal 
through 360° of rotation The data were rede- 
termined at each point with repositioning of 
the animal in the opposite direction Rate of 
change of position was not a matter of con- 
cern Recordings were made after the response 
had stabilized for a given position The unit 
which is represented in Figure 8 50 appears to 
be a position-sensing unit which provides a 
response frequency characteristic of a fixed 
orientation in space There is clearly some 
ambiguity in the response of such a unit, how- 
ever Pairs of positions may be selected for 
which the impulse discharge frequency is the 
same, although the positions are quite dif- 
ferent Other units have been found in the ray 
which respond maximally for a specific posi- 
tion such as upright, (Fig 8 51) and others 
have been found for which response frequency 
in a given position varies with the direction of 
rotation from which that position was achieved 
(Fig 8 52) Other receptors have been found 
which are obviously dependent upon rate of 
change of position for their response character- 
istics as well as position itself The combined 
function of all of these different receptor types 
would appear to provide a rich background of 
sensory input for the discrimination of the 
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Fig 8 50 Rectilinear and polar plots of the firing 
frequency of a position receptor in the utricle of the ray 
as a function of skull position for full 360® rotation of the 
animal The continuous line represents clockwise rota- 
tion the dotted line represents counterclockwise rotation 
(Roberts 1967) 

posture of the head in space as this changes m 
time 

MOTION SICKNESS 

The sensation of spinning of the visual world 
following rotation has been termed the oculo- 
gyral illusion This may not be an unpleasant 
experience and has been extremely useful as 
an index of the course of effects of vestibular 
stimulation The sensation of a whirling envi- 
ronment IS also called vertigo It refers to the 
same phenomenon as the oculogyral illusion 
that IS usually applied in extra experimental 
settings or under circumstances where the 
sensed rotations are disturbing The general 
feeling of dizziness may or may not include 
vertigo and is associated with unsteadiness 
and disequilibrium Vertigo may be a serious 
problem for the pilot of an aircraft if it results 
in confusion on his part with respect to his 
position or movement in space It is also se- 
rious as a concomitant of motion sickness 
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Fjg 8 51 Rectilinear and polar plots of firing fre- 
quency as a function of skull position for a unit in the 
lagena of the ray which appears to respond only for posi- 
tions in the vicinity of the normal upright position (Rob- 
erts 1967) 

Unusual motion patterns m which the head is 
rotated about 2 axes simultaneously can pro- 
duce motion sickness in anyone Some individ- 
uals are more resistant than others, but none is 
immune Motion sickness may also occur when 
visual and vestibular stimuli are not in accord 
Such a situation occurs for someone on board 
ship who IS unable to see the stable horizon 
His visual environment moves with him and 
does not behave as would a stable visual world 
for the patterns of motion to which he is ex- 
posed by the pitching and rolling of the ship 
Motion sickness may also be induced when the 
body is perfectly stationary but the visual 
world, as seen in a motion picture film for 
example, changes as it might during airplane 
acrobatics or a roller coaster ride An impor- 
tant element in the induction of motion sick- 
ness IS apparently lack of accord between 
visual and vestibular inputs The symptoms of 
motion sickness are similar to the effects of 
alcoholic intoxication An important compo- 
nent of each is the reaction of the autonomic 


nervous system This is immediately asso- 
ciated with the feeling of nausea, vomiting, 
and pallor Blood pressure may be lowered by 
as much as 10 mm of Hg and heart rate may 
be reduced by 8 or 10 beats/min 

The nature of the motions encountered on 
shipboard are such that the cause of motion 
sickness has long been attributed primarily to 
otolith function (Sjoberg, 1968) The dominant 
role of the otoliths, however, has been seriously 
questioned (Graybiel and Miller, 1968) Since 
the discovery that the semicircular canals may 
respond to linear acceleration, particularly to 
change in the orientation of a linear accelera- 
tion vector (Miller and Graybiel, 1968), a more 
significant role has been attributed to the 
canals As mentioned above, motion sickness 
may be induced in the absence of any actual 
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Fig 8 52 Rectilinear and polar plots of innpulse fre- 
quency of a receptor in the utricle of the ray as a function 
of skull position during two 360° rotations m opposite 
directions It is evident that the response of the unit is 
influenced by direction of rotation Continuous curves 
represent clockwise rotation dotted curves represent 
counterclockwise rotation (Roberts 1967) 
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motion if visual stimulation depicting motion is 
presented (Miller and Goodson, 1961, Cramp- 
ton and Young, 1953) Such visual motion stim- 
ulation is not effective in the induction of 
motion sickness in the absence of a functioning 
vestibular mechanism, however, (Crampton and 
Young, 1953) When visual inputs provide in- 
formation that correlates with vestibular stim- 
ulation, vision may serve to reduce the inci- 
dence of motion sickness (Johnson and Taylor, 
1961) 

Inappropriate vestibular responses may oc- 
cur following ingestion of alcohol, giving rise to 
the vertigo and dizziness experienced Alcohol 
does not increase nystagmus m the dark, how- 
ever Increased nystagmus in the light follow- 
ing ingestion of alcohol is probably a result of 
the interference by alcohol with the normal 
visual suppression of nystagmus responses 
Nystagmus which occurs when the head is 
placed in certain positions after the ingestion 
of alcohol may be detectable for many hours 
after ingestion and after the level of alcohol 
in the blood has dropped to the normal range 
(Aschan, 1958) 

An extensive survey of the effectiveness of a 
variety of drugs in combating motion sickness 
(Wood, 1968) strongly suggests that the effec- 
tiveness of such drugs is based on their action 
on the autonomic nervous system Both drugs 
which block parasympathetic activity and 
drugs which stimulate sympathetic activity are 
effective Scopolamine appears to be the most 
effective single drug The commonly used anti- 
histamines are less effective and useful only in 
prevention of motion sickness under condi- 
tions of relatively “mild” stimulation 

Labyrinthine Dysfunction 

Any abrupt interference with the normal 
function of the labyrinth organs, particularly 
the vestibular mechanism, may be accompa- 
nied by the disturbing subjective symptoms of 
vertigo and dizziness along with ataxia and 
gross impairments of coordination A variety 
of conditions may be classified as labryinthitis, 
accompanied by vertigo and the other symp- 
toms referred to Inflammation of the vestib- 
ular branch of the eighth nerve, local infection 
within the vestibular mechanism and ab- 
normal fluid balance within the system may be 
responsible for disturbances Treatment of 
such conditions is usually symptomatic Drugs 


which are effective in the prevention of motion 
sickness may be useful (see above) 

Gross vestibular impairment accompanied 
by paroxysmal attacks of vertigo, subjective 
noise (tinnitus aurium) and a progressive im- 
pairment of hearing of the sensorineural type 
characterize a syndrome which is known as 
Meniere’s disease Involvement of both vestib- 
ular function and the hearing mechanism sug- 
gests a localization of the disease process 
within the labyrinth It is generally attributed 
to disturbed fluid balance within the inner ear 
and distention of the cochlear duct has been 
observed upon postmortem examination of 
patients who had suffered from the disease 
Symptoms may be relieved by reducing the 
sodium intake Intractable cases have been 
treated by surgical destruction of the laby- 
rinth, intracranial section of the vestibular di- 
vision of the eighth nerve, or ultrasonic irra- 
diation of the vestibular end organs for their 
destruction Labyrmthotomy performed under 
these circumstances has grossly different ef- 
fects than those observed in animals The 
reason is probably that gross disturbance of 
the mechanism already exists before such in- 
tervention is carried out in man In a normal 
animal, destruction of the labyrinthine mecha- 
nism unilaterally has a result similar to excita- 
tion of the contralateral vestibular system 
Slow nystagmus movements are observed m 
the direction of the damaged side, there is a 
tendency for increased tonus of extensors on 
the undamaged side and of flexors on the 
damaged side 

Vestibular function may be impaired by the 
administration of specific toxic substances 
such as streptomycin In doses of 2 g or more 
daily over a period of weeks, the occurrence of 
vestibular symptoms is fairly frequent Animal 
studies suggest a direct action on the periph- 
eral sense receptors, although it has been sug- 
gested that in man the effect may be on the 
ventral cochlear nuclei The effects of strepto- 
mycin ingestion are usually bilateral If medi- 
cation is stopped sufficiently early, the effects 
may be reversible Vestibular function is im- 
paired before there is gross evidence of hearing 
loss Hearing impairments are greater for fre- 
quencies of 4000 Hz and above so that the def- 
icit may not be noticed as these frequencies 
are of relatively little importance for the per- 
ception of speech 
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Diagnosis of vestibular impairment is ac* 
complished by artificial stimulation of the ves- 
tibular mechanism. This may be accomplished 
by rotation in a chair or by caloric stimulation. 
Following rotation of the head about various 
axes, nystagmus movements of the eyes are 
timed and their duration is compared with 
normal standards. Impaired function is fre- 
quently associated with a greatly reduced du- 
ration of nystagmus. Similar observations are 


made following caloric stimulation. Caloric 
stimulation has the advantage of permitting 
selective unilateral stimulation. The selection 
of canals to be stimulated may be controlled to 
a limited extent by positioning of the head 
during stimulation. The effect of stimulation is 
believed to be based on convection currents so 
that the one canal which can be located in a 
horizontal plane will not receive stimulation. 
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LfGHT AND THE OPTICS OF THE 
EYE 

Introduction’ Light 

Within the entire range of frequencies of 
electromagnetic radiation (70 octaves) only a 
narrow band of frequencies is effective in the 
stimulation of the eye It represents a range of 
only one octave, and m terms of wavelength 
extends from approximately 370 to 740 nm 
(10"® meters) The distribution of frequencies 
and wavelengths of electromagnetic radiation 
IS illustrated in Figure 8 53 Light is on the 
same continuum with y rays, x-rays, and broad- 
cast bands of radiation 

The velocity of light in a vacuum is a uni- 
versal constant It is the same for all frequen- 
cies When light enters any physical medium, 
however, its velocity is reduced The amount 
of reduction depends on the nature of the me- 
dium and the frequency of the light The ratio 
of the velocity of light in a vacuum to its ve- 
locity in a given medium defines the refractive 
index, n, of the medium The value of n for air 
IS very nearly unity The higher the frequency, 
the larger is the value of n for a given medium 
The frequency of propagation remains con- 
stant independent of the medium through 
which light IS transmitted and hence, as ve- 
locity IS reduced, wavelength must also be 
shortened by a proportional amount 

By application of the wave theory of trans- 
mission of electromagnetic energy, it can be 
demonstrated that light which passes from one 
medium into another will have its direction of 
propagation altered if it enters the new me- 
dium along a path which is other than perpen- 
dicular to the interface between the two 
media The ratio of the sine of the angle formed 
between the path of the light in the less dense 
medium and a perpendicular to the surface be- 
tween the media to the sme of the angle formed 
by the path m the more dense medium with re- 
spect to the same perpendicular is equal to the 
index of refraction for the two media (Fig 8 54) 


The principle of refraction is extremely 
important in a variety of ways If the surface 
between two media is not a plane but is 
curved, then rays of light which reach this sur- 
face at different points in a beam of large 
cross-section will be refracted by different 
amounts and will be propagated through the 
new medium in different directions It is on 
the basis of this principle that lenses may be 
formed from glass These can cause parallel 
beams of light to converge or diverge de- 
pending upon the design of the lens (Fig 8 55) 
Light of shorter wavelength is refracted a 
greater amount than light of longer wave- 
length Thus, a beam of white light which con- 
sists of a continuous distribution of energy for 
all visible frequencies from the longest to the 
shortest will be spread out if it enters glass at 
an angle other than perpendicular and the 
components of different frequencies will travel 
along different pathways This principle is 
turned to practical advantage by the use of the 
prism which permits the separation of the 
spectral components of light (Fig 8 56) 

Although light is often specified in terms of 
its wavelength, it is more sensible to specify it 
in terms of frequency The reason for this is 
that the frequency of light is not altered when 
it passes from one medium into another of dif- 
ferent refractive index Velocity does change 
and thus wavelength must also change a pro- 
portional amount For this reason, light is 
sometimes described in terms of its wave 
number, the reciprocal of wavelength in centi- 
meters, which is directly proportional to fre- 
quency There are additional advantages in de- 
scribing light in terms of its frequency or wave 
number associated with the characteristic form 
of the absorption spectra of certain pigments 

QUANTUM THEOFIY OF LIGHT 

Certain physical phenomena can only be 
understood in terms of the notion that light 
energy consists of a number of individual par- 
ticles, each of which represents an indivisible, 
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Fig 8 53 The electromagnetic radiation spectrum The region visible to the human eye is expanded (From 
McKinley 1947) 
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Fig 8 54 A refraction of light at a surface between 
glass and air Angle / is the angle of incidence and angle 
r IS the angle of refraction Index of refraction n is given 
for each medium The rotation of wave front abcdef as it 
enters a medium of higher index of refraction at an angle 
other than normal to the interface is shown by wave front 
a'b'c'd'e'f B deviations in the path of light as it is 
passed through glass of various geometric forms plain 
glass a prism a convex lens and a concave lens (Riggs 
1965a) 



Fig 8 55 Cross sections of lenses A plano-convex 
B biconvex C plano-concave D biconcave £ convexo- 
concave F concavo-convex The way in which refraction 
of a beam at curved surfaces may result in convergence 
or divergence is illustrated for B and D 


minimum energy unit These are called quanta 
for the entire electromagnetic spectrum They 
are sometimes called photons for energy within 
the visible range The energy of a single 
quantum or photon of light is proportional to 
its frequency For a given frequency, the en- 
ergy thus remains constant with changes in 
velocity as it passes through different media 
Energy may be computed from the following 
relation 


E = h X V 

where E is the energy in ergs, h is Planck’s 
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Constant, 6 6245 x 10"=^^ erg-sec and p is fre- 
quency 

the measurement of light 

Because only a narrow band of electromag- 
netic radiation is effective as a stimulus for 
vision, the measurement of light must take 
into account, not just the radiant emission of a 
light source independent of its wavelength, but 
also the effectiveness of the radiant energy as a 
stimulus to the eye Radiation of a continu- 
ously emitting source is measured m terms of 
energy per unit time For a point source, the 
measurement may be expressed in terms of the 
energy per unit time which irradiates a fixed 
area at a given distance from the source The 
fixed area at a given distance defines a solid 
angle and the radiation may thus be expressed 
in terms of ergs per second, or watts, per unit 
solid angle The rate of emission from the 
source is thus defined in terms which permit 
the computation of the amount of energy per 
unit time that will fall on any given surface at 
any given distance from the source The 
measure is one of the intensity of the source 

If the source is extended rather than a point 
source, its emission must be expressed in 
terms of radiant energy per unit area Here, 
however, the orientation of the emitting sur- 
face with respect to the receiver or viewer be- 
comes important This is taken into account 
by considering the area of the source projected 
on a plane normal to the axis along which ob- 
servations are made The emission from an 
extended surface is termed its radiance and is 
expressed in terms of watts per unit solid 
angle per meter^ 

Photometric Units. Even m the range of 
wavelengths to which the eye responds, the 
response is not uniform It depends upon the 
selective transmittance of the various optical 
elements of the eye itself and most impor- 
tantly, on the absorption characteristics of the 
photopigments of the visual receptors Careful 
measurements have permitted the specifica- 
tion of a spectral luminosity function for 


human vision, Vf, (Fig 8 57) It is important to 
consider some of the limitations of this func- 
tion In the first place, it represents the spec- 
tral response of the eye at “daylight” levels of 
illumination The spectral response of the eye 
changes at very low levels of illumination to 
the function represented by V\ These curves 
are average curves for a large number of ob- 
servers and are based on the effectiveness of 
light as measured by a specific criterion The 
more effective a wavelength as a stimulus to 
the eye, the lower will be the radiant flux re- 
quired for fusion of light flickering at a given 
frequency 

The curves in Figure 8 57 are based on the 
reciprocals of radiant flux or energy require- 
ments and have arbitrarily been set equal to 
unity at the wavelength of minimum energy 
requirement The low luminance V\ function 
actually represents a higher absolute level of 
sensitivity than the Vj, function 

Unfortunately, the relation between the 
effectiveness of light energy based on criteria 
such as matching a standard or the apparent 
fusion of a flickering source is not perfectly 
correlated with the effectiveness of light en- 
ergy for such tasks as reading and a variety of 



Fig 8 57 The scotopic {V') and photopic {V) curves 
of relative spectral luminosity as standardized by the 
Commission Internationale de L Eclairage (C I E ) (From 
Wright 1958) 
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other visual functions of a practical sort 
Nonetheless, it does provide a reasonable ap- 
proximation The units of light are based upon 
the weighting of a measurement of radiant 
power m appropriate units in accordance with 
the luminosity function presented in Figure 
8 57 The photometric dimensional equivalent 
of the watt is the lumen At the wavelength 
where radiant energy is most effective in stim- 
ulating the eye, approximately 555 nm , one 
watt IS equivalent to 680 lumens according to 
the accepted standard which provides a basis 
for photometric specification Radiant power of 
any other wavelength is less effective in ac- 
cordance with the ordinate values of Figure 
8 57 There is a variety of useful sources of 
detailed information on the specification of 
light for the interested student (Riggs, 1965a, 
LeGrand, 1968) 

Optical Properties of the Eye 

Prior to reaching the photosensitive layer of 
the retina, light which stimulates the eye must 
pass through the cornea, the anterior chamber, 
the vitreous humor, and a number of nonsensi- 
tive retinal layers (Fig 8^58) The distance 
from the corneal surface to the retina in the 
region of the foveal center of the eye is approx- 
imately 24 mm The optical elements of the 
eye must therefore provide a fairly high optical 
power m order to focus parallel rays which 
enter the eye at the retina The power of the 
eye is nearly 60 diopters Lens power is de- 
fined as the reciprocal of the focal length of 
the lens in meters The nodal point of the eye 
may be assumed to be approximately 17 mm 
in front of the retina and parallel rays may 
therefore be assumed to be brought to a point 
of focus in that distance The lens power of the 
eye is achieved primarily by the curvature of 
its corneal surface and secondarily by the 
power of the cystalline lens The refractive 
index of the cornea is 1 37, of the aqueous 
humor, 1 33, of the crystalline lens, 1 42, and 
of the vitreous body 1 33 Thus, maximum 
convergence of parallel rays occurs at the in- 
terface between the cornea with its refractive 
index of 1 37 and air with a refractive index 1 
The radius of curvature of the cornea is nearly 
8 mm at its anterior surface The refractive 
indices between the aqueous humor of the an- 
terior chamber and the lens, and between the 
lens and the vitreous humor are sufficient to 
provide some additional positive power as a 



Fig 8 58 Horizontal section of the right human eye 
(From Walls 1942) 


result of the convex shape of the lens The 
shape of the lens may be changed by the 
process of accommodation Contraction of cir- 
cular fibers within the cilliary body relieves 
tension on the lens and its surface becomes 
more convex This permits an increase in the 
optical power of the eye by nearly 9 diopters 
Thus, accommodation is changed from a far 
point at infinity (for practical purposes 20 ft 
or more) to a near point of 10 or 11 cm 
The intraocular media of the eye are not 
completely transparent The cornea begins to 
transmit light at wavelengths around 300 nm 
and its transmittance increases to a maximum 
in the region of approximately 1000 nm This 
is well beyond the practical limit for vision 
That limit is determined by the maximum 
wavelength which is absorbed by the photo- 
sensitive pigment of the retina Nonetheless, it 
is important to recognize that the cornea will 
transmit energy up to approximately 2000 
nm , well into the infrared region The lens 
transmits energy over the same wavelength 
range but very little is transmitted at wave- 
lengths longer than 1300 nm The aqueous 
humor absorbs virtually all energy at wave- 
lengths longer than 2700 nm and the vitreous 
humor absorbs virtually all energy at wave- 
lengths longer than 1600 nm The minimum 
wavelength effective in stimulating vision is of 
the order of 370 nm in the average adult 
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Shorter wavelengths may stimulate vision di- 
rectly m the very young but there is a gradual 
yellowing of the ocular media with increasing 
age and accompanying attenuation of near ul- 
traviolet energy down to 300 nm Between 350 
and 400 nm , radiant energy may cause fluo- 
rescence of the lens As indicated, the fluores- 
cent energy will be lower than the energy of 
the radiation which causes it and hence will be 
at longer wavelengths The appearance of light 
when the eye is stimulated by radiant energy 
at 350 nm may therefore result from longer 
wavelength fluorescence and cannot be inter- 
preted to prove that the eye is capable of de- 
tecting energy at a wavelength of 350 nm 

THE PUPIL 

The total amount of light which may enter 
the eye is limited by the ins diaphragm or 
pupil This may vary in diameter from approx- 
imately 2 to 8 mm This four to one change in 
diameter corresponds to a 16 to 1 change in 
area and a commensurate change in the level 
of retinal illumination for a given level of illu- 
mination at the cornea A sphincter muscle 
innervated by the parasympathetic nervous 
system causes contraction of the pupil, a di- 
lator muscle, innervated by the sympathetic 
nervous system causes dilation of the pupil 
Any abrupt increase in the level of illumina- 
tion causes a pupillary reflex, observable in 
both eyes even though only one eye may be il- 
luminated The diameter of the pupil is 
stopped down to a smaller size and then, if the 
illumination remains the same level, the pupil 
will open slightly to a steady state condition a 
little larger than the maximum initial con- 
stricted size Reduction in pupil size affords 
some protection for the eye at high levels of 
illumination, but this may not be its most 
important function 

Almost any optical system suffers from cer- 
tain imperfections Variation in the refractive 
index with the wavelength of light results in a 
different lens power for different wavelengths 
and therefore some distortion at the image for 
any illumination which represents a broad 
band of wavelengths In addition, the eye suf- 
fers from spherical aberration That is, rays of 
light which enter the lens near its periphery 
may be brought to a focus at a slightly dif- 
ferent depth than other rays entering near the 
center of the lens These two types of aberra- 
tion are illustrated in Figure 8 59 The smaller 




Fig 8 59 Chromatic and spherical aberration a 
chromatic aberration in a simple lens b achromatic lens 
partially correcting chromatic aberration c spherical 
aberration in a simple lens d achromatic lens partially 
correcting spherical aberration (Riggs 1965a) 

the pupil of the eye, the less will be the degra- 
dation of the retinal image by reason of spher- 
ical aberration In addition, the greater will be 
the depth of focus of the eye as an optical 
system and hence the less will be the distor- 
tion due to chromatic aberration Therefore, 
the higher the level of illumination and, conse- 
quently, the smaller the pupil, the sharper will 
be the retinal image 

The accommodative reflex, adjustment of 
lens size to decrease the focal length of the 
eye, is accompanied by pupillary constriction 
independent of any change in level of illumi- 
nation The reduced pupil size increases depth 
of focus and thus provides a sharper retinal 
image when objects are viewed close to the 
eyes Unfortunately, there is a limit to the 
advantage which may be gained by pupillary 
constriction When light passes through a very 
small aperture, diffraction effects occur These 
may be viewed as interference and reinforce- 
ment effects such that the image of a pomt of 
light will consist of a central bright spot sur- 
rounded by a series of dark and light rings 
Thus, if the pupil is too small, diffraction ef- 
fects will degrade the image An optimum 
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pupil diameter is probably between 2 and 3 
mm For larger pupil diameters, spherical and 
chromatic aberration effects degrade the 
image, for smaller pupil diameters diffraction 
effects degrade the image 

THE STILES-CRAWFORD EFFECT 

Under normal conditions of daylight view- 
ing, a specialized set of receptors, the cones, 
provide a basis for visual sensitivity Appar- 
ently, the geometry of these receptors and 
their orientation within the retina is such that 
they absorb light more efficiently the more 
nearly its point of entry into the eye is on the 
central visual axis of the eye Deviation of the 
point of entry away from the center by as 
much as 4 mm with the pupil at maximum 
diameter may reduce the effectiveness of light 
as a stimulus for the cones by a factor of 10 
The relation of the luminous efficiency to ec- 
centricity of the point of entry is illustrated in 
Figure 8 60 This indicates that the gam in ret- 
inal illumination in terms of actual effective- 
ness of stimulation of cones is not directly 
proportional to the increase in pupil area with 
dilation of the pupil No effect of this sort is 
found at low levels of illumination when the 
scotopic receptor system, dependent upon the 
rods, provides a basis for visual sensitivity 
Apparently the geometry and orientation of 
the rods are not as critical in determining their 
ability to absorb incident light 

CHANGES IN THE LENS WITH AGING 

It has been indicated above that the lens is 
capable of effecting a change in optical power 
of the eye of as much as 9 or 10 diopters Un- 
fortunately, this does not remain the case in- 
definitely Almost from birth there is a gradual 
stiffening of the lens such that the range of 
change in curvature is gradually reduced with 
age Beginning at an age somewhere in the vi- 
cinity of 45 years, most people must begin to 
wear glasses for reading Their eyes are no 
longer capable of providing good accommoda- 
tion for printed material at a comfortable 
reading distance If the material is moved suf- 
ficiently far away to provide for a sharp image 
on the retina, the size of the retinal image is 
too small for resolution of the letters The con- 
dition IS easily rectified by the use of a posi- 
tive lens in front of the eye 
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Point of entry of beam in mm 

Fig 8 60/4 the eye in horizontal section to show the 
Stiles-Crawford effect B the relative luminous effi 
ciency of light entering the pupil at various points in a 
horizontal plane relative to the center of the eye Results 
for the left eye are indicated by squares for the right eye 
by dots (From Stiles and Crawford 1933) 

OPTICAL DEFECTS 

In a normal eye with relaxed accommoda- 
tion, objects at an optical distance of infinity 
should be brought to focus on the retina Such 
an eye is said to be emmetropic If the point of 
focus IS located out m front of the retina it is 
necessary to move the object toward the eye, 
displacing the image further to the rear of the 
optical elements of the eye, until it falls on the 
retina, m order to see it sharply Such an eye 
is said to be myopic If the image of an object 
at optical infinity falls behind the retina, then 
increased accommodation of the lens is neces- 
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sary m order to bring it forward onto the ret- 
inal surface Such an eye is said to by hyper- 
metropic 

Myopia is usually attributed to an elonga- 
tion of the eyeball, although it may well in- 
volve abnormalities of curvature of the optical 
elements Conversely, hypermetropia is attrib- 
uted to a foreshortening of the axial length of 
the eye ball It, too, may involve deviations 
from normal of the optical elements, however 
Myopia IS correctible by the use of a negative 



Fig 8 61 Comparison of shapes of the eyeball which 
may be associated with A emmetropia B myopia C 
hypermetropia 


or diverging lens in front of the eye in order to 
permit distance vision Frequently a myope 
without too severe a deficit may be able to 
read perfectly well without correction The 
hypermetrope will require a positive lens for 
reading, or, at least, will have to start wearing 
glasses at an earlier than normal age as his 
accommodative reserve is lost (Fig 8 61) 

VARIATION IN THE SPATIAL RESOLUTION 
CAPABILITY OF THE EYE AS A FUNCTION 
OF THE LOCATION OF THE STIMULUS 

Unlike a photographic film, the resolving 
power of the photosensitive layer of the eye, 
the retina, is not uniform over its entire sur- 
face A condition of optimum clarity is achieved 
for images which fall on or in the neighborhood 
of the visual center of the eye, the fovea (see 
Fig 8 58) The distribution of receptors over 
the retina is nonuniform with the greatest con- 
centration of cones in the foveal center The 
concentration of rods increases from a point 
just outside the rod -free fovea to a maximum 
at a distance of some 20® from the foveal 
center (Fig 8 62) The distribution of receptor 
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Fig 8 62 Distribution of rods and cones along a horizontal meridian Parallel vertical lines show the limits of the blind 
spot Visual acuity for a high luminance as a function of retinal location is included for comparison (From Woodson 
1954 data from Osterberg 1935 and Wertheim, 1 894 ) 
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density is discussed m more detail m the fol- 
lowing section In addition to the nonuniform 
distribution of receptors, there is a region in 
the normal eye which is devoid of any recep- 
tors That IS the so-called optic disk (Fig 8 58), 
where nerve fibers leave the eye to enter the 
optic nerve and where the retinal circulation 
enters and leaves the eye This is a region of 3° 
or more in diameter centered at a point 15° to 
17° from the foveal center and with its center 
just slightly below the nasal horizontal me- 
ridian The presence of the blind spot is 
usually not noticed, even for monocular 
viewing The reason for this is the fact that it 
IS not associated with a dark region in the 
visual field but is seen as identical with the 
surrounding region It is as if the surrounding 
region “fills in” the blind area in conscious 
perception The blind spot may readily be 
demonstrated as shown in Figure 8 63 If the 
left eye is covered and the small cross is fix- 
ated, the black dot will disappear as the page 
is brought to within approximately 14 inches 
from the eye It will remain invisible until the 
cross is to within approximately 10 inches of 
the eye The vertical extent of the blind spot 
may be explored by scanning the page verti- 
cally along an imaginary line through the fixa- 
tion cross with the page held at a distance of 
approximately 12 inches 

Information on the optical properties of the 
eye, at a variety of levels of detail, may be 
found m a number of recent texts (Brown, 
1965a, Le Grand, 1968, Davson, 1962) 

THE ANATOMY OF THE VISUAL 
SYSTEM 

The Eye 

The eye is enclosed by three membranes, the 
outer of which consists of the opaque sclera 
over most of the globe which is continuous 
with the transparent cornea of the anterior sur- 
face of the eye The major blood supply of the 
eye lies m the heavily pigmented choroid coat 
directly below the sclera The pigmentation of 


this layer serves to absorb light within the eye, 
preventing back scatter, and to reduce entry 
into the eye except through the cornea and 
lens At the anterior pole of the eye the cho- 
roid coat is continuous with the ms dia- 
phragm, or pupil, and the ciliary body The 
third, innermost layer of the eye is the retina 
itself Visual receptors, neural connections of 
these receptors and additional vascular tissue 
lie in the retina 

THE CORNEA 

The cornea is a highly transparent tissue, 
devoid of blood vessels but well supplied with 
undifferentiated nerve endings (Fig 8 64) It is 
nearly 12 mm in diameter, less than a milli- 
meter thick at the center and approximately 1 
mm thick at its edges The radius of curvature 
of its anterior surface is about 7 8 mm , that of 
its inner surface is approximately 6 8 mm 
Detailed examination of the structure of the 
cornea reveals that it is made up of five dis- 
tinct layers The outermost is continuous with 
the conjunctiva, a membranous covering of the 
anterior surface of the eye which is folded back 
on the inside of the eyelids Below the epi- 
thelial conjunctive is an elastic layer, Bow- 
man's membrane Most of the thickness of the 
cornea is made up of the substantia propria 
which constitutes nearly 90% of the 1 mm of 
thickness of this tissue The substantia propria 
itself consists of approximately 60 collageneous 
layers made up of parallel rows of fibers sepa- 
rated by cell spaces Posterior to the sub- 



fig 8 64 Vertical section of human cornea (lying 
horizontally) 1 corneal epithelium 2 anterior elastic 
lamina 3 substantia propria 4 posterior elastic lamina 
5 endothelium of the anterior chamber 


+ • 

Fig 8 63 Demonstration of the blind spot With the left eye closed fixate the small cross Vary the distance of 
the page until the black spot disappears The horizontal extent of the blind Spot is indicated indirectly by the range of 
depth m which the black spot is invisible Some indication of the vertical extent of the blind spot may be obtained by 
scanning the page along an imaginary vertical line through the fixation cross 
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Fig 8 65 Detail of the anterior segment of the human eye (Redrawn from Weymouth 1 955 ) 


stantia propria is another elastic layer, Desce- 
met's membrane, b to 1 p m thickness The 
fifth and inner layer of the cornea is the endo- 
thelium comprised of flat cells which are in 
contact with the aqueous humor Although it is 
without a blood supply, the cornea consumes 
oxygen at a relatively high rate as a result 
primarily of epithelial activity (Cogan and 
Kinse>, 1942, Herrmann and Hickman, 1948) 

Although only free nerve endings have been 
found in the cornea, there is evidence that it 
may be sensitive to pressure (Rowbotham, 
1939), touch, warmth and cold (Lele and Wed- 
dell, 1956) The ability of free nerve endings to 
serve a variety of sensations in other parts of 
the body is well established (chap 7) 

AQUEOUS HUMOR 

The transparent fluid which fills the anterior 
and posterior chambers on either side of the 
iris diaphragm is formed from blood plasma 
The blood supply is that to the ciliary body 
(Davson, 1950) Production of aqueous humor 
occurs continuously and there must be a route 
for its drainage from the eye That route is the 
canal of Schlemm (see Fig 8 65) A complete 
turnover of aqueous humor occurs approxi- 
mately once every hour If for any reason the 
outflow IS blocked, continuing production of 
fluid may cause an increased intraocular pres- 
sure Normally, the intraocular pressure is 
approximately 15 to 18 mm of Hg higher than 
the intracranial pressure (Adler, 1959) This 
pressure differential helps to maintain the 


shape of the eye and, consequently, the appro- 
priate spacing of its optical components 

Aqueous humor is similar to blood plasma 
but contains a lower concentration of protein 
Metabolic requirements of the crystalline lens 
and of the cornea are supplied in part by the 
aqueous humor 

THE PUPIL 

The relation of the pupil or ins diaphragm 
to the lens of the eye is portrayed in Figure 
8 58 The ins diaphragm is a highly pigmented 
tissue which arises from the anterior surface of 
the ciliary body (Fig 8 65) Coloration of the 
ms results from the nature of the pigment in 
the front surface of the ins Pigment at the 
posterior surface is black and helps to reduce 
light scattering as does the choroid coat. 

The spmcter muscle which permits contrac- 
tion of the pupil forms a ring approximately 
0 8 mm m thickness around the pupil It can 
shorten by nearly 80% of its maximum length 
m constricting the pupil As mentioned above, 
its innervation comes from the parasympa- 
thetic nervous system The dilator muscles are 
radial fibers of myoepithelium within the ins 
These are innervated by the sympathetic 
nervous system (Adler, 1959) When a bright 
light IS shined in the eye, there is a latency 
which may be as long as half a second prior to 
the reflex pupillary contraction The neural 
pathways which control this reflex must, there- 
fore, involve several neurons Fibers which 
mediate the response leave the optic tract, 
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cross the medial border of the lateral genicu- 
late body, and project toward but do not enter 
the superior colliculus They then travel medi- 
ally and rostrally to the pretectal region From 
here, impulses are relayed to the oculomotor 
nuclei bilaterally and then to the ciliary gan- 
glion (Duke -Elder, 1961) The exact pathway 
for reflex dilation of the pupil in darkness is 
not known It does not include the pretectal 
nucleus The ciliospmal center in the upper 
thoracic level of the cord is involved and fibers 
from there pass to the superior cervical gan- 
glion of the sympathetic system Postgan- 
glionic fibers innervate the dilator muscles 

THE LENS 

The lens is a biconvex body which contains 
neither vessels nor nerves (Figs 8 58 and 8 65) 
It IS made up of many concentric layers of fi- 
brous cells, IS approximately 65% water and 
6% fat, and contains more protein than any 
other tissue The lower refractive power of the 
lens cortex as compared with that of the 
cornea provides some correction for both chro- 
matic and spherical aberration of the eye The 
yellowing of the dioptric elements of the eye 
with age IS due primarily to the lens itself 
(McEwen, 1959) It absorbs nearly 10% of the 
visible light which enters the eye with the level 
of absorption being highest at the shorter 
wavelengths (Weale, 1954) Infrared and ultra- 
violet light absorbed by lens protein may cause 
damage Energy for lens metabolism is derived 
from glucose oxidation Oxygen, ascorbic acid 
and glutathione are derived from the aqueous 
humor (Davson, 1949) 

The lens is held in place by an elastic cap- 
sule, the ciliary zonule (Adler, 1959) (Fig 8 65) 
With the muscles of accommodation at rest, 
there is sufficient tension on the capsule to 
maintain the lens somewhat flattened Con- 
traction of the ciliary fibers through the ocu- 
lomotor and short ciliary nerves under the con- 
trol of the parasympathetic system reduces the 
tension on the lens with a resulting increase m 
its convexity This permits accommodation for 
near objects Stimulation of radial fibers via 
the long ciliary nerves mediated by the cer- 
vical sympathetic system can result in accom- 
modation change of as much as 1 5 diopters 
(Olmstead, 1944) Accommodation to near ob- 
jects is more rapid than accommodation to 
distant objects 


VITREOUS HUMOR 

The vitreous humor is a gel-like substance 
containing a network of thin fibers of a highly 
hygroscopic vitrein protein similar to gelatin 
(Duke-Elder, 1937) With the aid of an electron 
microscope, it is possible to distinguish the 
fibrils and mterfibrillar substance of the vit- 
reous body of the human eye Fibrils are ap- 
proximately 67 A (angstroms) and deviate 
remarkably little from this size Spherical par- 
ticles of 100 A in diameter have also been 
found (Schwarz, 1961) 

THE RETINA 

During ontogenetic development, the eye is 
formed from optic vesicles that arise within 
the neural groove The optic stalks arise out of 
the neural tube between the diencephalon and 
the telencephalon Eyes are formed when the 
ends of the stalks contact the surface ecto- 
derm The retina is derived out of ectoderm of 
the neural tube itself It thus has its origin di- 
rectly out of the central nervous system and its 
cells may be considered a peripheral extension 
of the central nervous system Cell develop- 
ment of the retina occurs in stages during the 
first of which cells arise which migrate out- 
ward, eventually to become ganglion cells 
“Outward” during this development stage is 
actually “inward” with respect to the eyeball 
itself as it is finally formed In the next stage of 
development, the bipolar cells are differenti- 
ated, and finally, in the innermost portion of 
the developing tissue, one of the outer layers of 
the developed retina, the receptor cells them- 
selves develop 

The most prominent aspect of the appear- 
ance of the retina is its vascular tissue No 
vasculature intrudes into the central fovea, 
that region of the eye which is optimally orga- 
nized for detailed vision The various retinal 
layers are thinner m this region (Fig 8 66), 
ganglion cell bodies are displaced laterally 
away from the foveal depression and the elon- 
gated cones of the central fovea occupy a sub- 
stantial portion of the retina’s thickness In 
their course toward the optic disk, fibers are 
deviated around the fovea There is thus a 
minimum of tissue between the receptor cells 
and the vitreous humor in the foveal center of 
the retina (Fig 8 67) 

The ten layers of the retina which are fre- 
quently discriminated are illustrated schemati- 
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Fig 8 66 Central fovea of the human retina The upper part of the figure is a diagramatic illustration of 
the arrangement of the layers m the central region Ch choroid coat Numbered layers correspond with the 
retinal layers as described m the text (From Polyak 1 957 ) 



Fig 8 67 Distribution of optic nerve fibers (thin lines) 
and blood vessels (arteries a veins v) in the retina of 
an adult Rhesus macaque The disc of the optic nerve is 
at the right margin of the figure The central fovea free 
of vessels appears to the left of the disc (From Polyak 
1941 ) 



Fig 8 68 Vertical sections of the human retina 
from the central area midway between the areal periph- 
ery and the central fovea Right and left halves of the 
figure represent different methods of staining The vari- 
ous layers are described in the text (From Polyak 1957 ) 


cally in Figure 8 68 on the basis of microscopic 
studies with different types of staining Light 
first enters the retina at layer 10, the inner 
limiting membrane It then passes successively 
through the layer of optic nerve fibers, the 
ganglion cell layer, the inner plexiform layer 
and the inner nuclear layer The latter con- 


tains the cell bodies of bipolar cells and hori- 
zontal cells The vessels which supply blood to 
the tissue of these last three layers are con- 
tained in the layers themselves These are the 
vessels visible m Figure 8 67 The outer plexi- 
form layer contains the fibers from the pri- 
mary receptors and their synapses with bipolar 
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and horizontal cells The outer nuclear layer 
contains the cell bodies of the receptors, the 
outer limiting membrane separates the region 
containing the cell bodies of the receptors from 
their outer segments The second layer is com- 
prised of the outer segments themselves of the 
rods and the cones The final layer is the 
heavily pigmented epithelial layer Because 
light must pass through most of the other 
layers of the retina before it reaches the pri- 
mary receptors, the eye of vertebrates is re- 
ferred to as an inverted eye 

It is not possible to say precisely how many 
receptors are present in the retina of the 
human eye but frequently quoted figures are 
120,000,000 rods and 5,000,000 to 7,000,000 
cones (Davson, 1949) Relative distributions of 
rods and cones are illustrated in Figure 8 62 
along with a function which illustrates the 
visual acuity or spatial resolution capability of 
the eye, the latter is closely related to the dis- 
tribution of cones There are no rods in the 
central foveal region of the retina This region 
is occupied exclusively by cones, and their 
number in this rod-free region is somewhere in 
the neighborhood of 30,000 to 35,000 The 
angle subtended by the rod-free region at the 
nodal point 17 mm in front of it is approxi- 
mately 1° It is convenient to refer to locations 
on the retina in terms of visual angle rather 
than actual distance Such a scheme makes it 
easier to relate the position of an image on the 
retina to the position of objects in the visual 
world relative to the point of fixation of vision 
in the visual world The geometry of the eye is 
such that a visual angle of 12 sec of arc sub- 
tended at the nodal point represents a dis- 
tance measured along the retina of approxi- 
mately 1 fX 

There are approximately 1,000,000 ganglion 
cells m the retina, the axons of which comprise 
the 1,000,000 fibers of the optic nerve It is 
therefore evident that many receptors must 
converge on single fibers m transmitting their 
activity centrally in the visual system There 
may well be individual ganglion cell pathways 
available to individual cone receptors of the 
central fovea, but it is well established that 
there are many cross connections among re- 
ceptors within the retina, even m the central 
fovea 

THE RETINAL RECEPTORS 

The appearance of rods and two types of 
human cones based on light microscopy is il- 


lustrated in Figure 8 69 The foveal cones are 
perhaps even more rod-like in appearance than 
the rods themselves The development of elec- 
tron microscopy has disclosed many anatom 
ical details of these receptors (Fig 8 70) The 
receptors in this figure are those of Necturus, 
the mud puppy It is clear that the disk-hke 
structures in the outer segments of the rods 
differ from those in cones The discs in the rod 
outer segments appear to be completely sepa 
rated while those in cones actually represent 
repeated infoldmgs of the plasma membrane 
on the side of the outer segment opposite the 
ciliary fibrils Primate cones, however, appear 
to be formed differently (Cohen, 1961, Dowl- 
ing, 1965) The layers of the outer segments of 
cones are individual flattened discs just as in 
rods except that they lack a characteristic rim 
structure seen in the rods (Fig 8 71) There are 
no continuities with the plasma membrane in 



Fig 8 69 Drawings of human rods and cones as 
seen under light microscopy A rod a nucleus c cen 
tral connections g ellipsoid f outer segment B cone 
b nucleus d, central pedicle h ellipsoid C cones in the 
fovea centralis e nucleus (Cajal 1 904) 
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Fig 8 70 Reconstructions of the structures of rods and cones based on electronmicrographs of the receptors of 
Necturus Rods are on the left and cones are on the right All edges of the double membrane discs of the rods appear 
to have a differentiated rim structure In the cones the disc-like structures appear actually to be continuous in the 
foldings of a common plasma membrane and lack special limb structure fissures and lamellar nmcelles seen in the rods 
(de Robertis 1956) 


these sacs as they are seen in the cones of the 
rhesus monkey The outer segments of foveal 
cones m the human are only 1 or 2 wide and 
50 p long The molecules of photosensitive 
substance are contained in the outer segments 
of the receptors The photochemistry of this 
system is treated below 

THE EXTRAOCULAR MUSCLES 

The eyes do not remain stationary m the 
head but move in a highly coordinated fashion 
Fixation can be maintained on a moving object 
only by relatively precise conjugate move- 
ments of the eyes With changes in the depth 
of an object viewed, the eyes must converge or 
diverge appropriately depending on whether 
the object is approaching or receding The 
immediate control of movement of each eye is 
effected by six extraocular muscles (Fig 8 72) 
Four rectus muscles control movements about 
two approximately perpendicular axes which 
are in turn nearly perpendicular to the line of 
sight with eyes directed straight ahead The 
lateral or external rectus is located on the 
temporal side of the eye, the medial or internal 
rectus is on the nasal side of the eye, with su- 
perior rectus at the top of the eye and the infe- 
rior rectus at the bottom of the eye Two addi- 
tional muscles, the superior oblique and the 
inferior oblique, cause torsional rotation of the 
eye about the visual axis with some depression 
or elevation (Fig 8 73) 


The Neural Connectioris of the 
Visual System 

THE RETINA 

The advent of electron microscopy has made 
possible a much better understanding of the 
nature of neural connections within the retina 
(Fig 8 74) Observations have been made on 
the human and on the monkey, cat, rat, rabbit, 
ground squirrel, and pigeon The basic pat- 
terns of cells are similar across species but the 
detailed nature of their connections differs 
Receptors make direct synaptic connection 
with bipolar cells and also with horizontal 
cells Horizontal cells in turn make synaptic 
connections with bipolar cells over a lateral 
extent such that they provide a mechanism for 
spatial interaction among different receptors 
A bipolar cell may make contact with a 
number of receptors directly in addition to 
receiving effects from more distant receptors 
via horizontal cells The inner terminations of 
bipolar cells are usually dual in nature and 
have been called dyads In man and the mon- 
key, the dyad terminations from a single bi- 
polar cell are usually on a ganglion cell and an 
amacrme cell There are considerable differ- 
ences in the nature of these connections among 
species In the pigeon and the frog, there are 
relatively few direct terminations of bipolar 
cells on ganglion cells Information from bi- 
polar cells IS much more often mediated by 
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Fig 8 71 Electron microphotographs of longitudinal sections of the outer segments of a rat rod (a) and of a foveal 
cone of the rhesus monkey ib) The double membrane discs are similar in eacn of these structures showing no con 
tinuities with plasma membrane or with each other (amplification x 50 000) The outer segments of a rod (c) and a 
cone (d) of a monkey retina are shown at higher magnification (x 150 000/ below The double membrane discs of the 
rod and cones differ only in that the rod membranes may be slightly thinner and their edges possess a characteristic 
rim structure as shown by the arrow (From Wald and Brown 1965 ) 




amacrine cells This is true to a lesser extent 
m the ground squirrel and the rabbit It is still 
less so m the cat There may be little differ- 
ence between the monkey and the human, 


with very many fewer bipolar to amacrine con- 
tacts, certainly in the region of the fovea, than 
IS true for much lower animals Differences m 
synaptic connections among bipolar cells, 
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Fjg 8 72 Oculomotor muscle of man as seen from 
above in a dissected head On the left a portion of the 
superior oblique has been cut away to reveal the inferior 
oblique on the right the superior rectus has been re 
moved to permit a view of the inferior rectus lo inferior 
oblique ir inferior rectus Ir lateral rectus mr medial 
rectus n optic nerve p pulley for tendon of superior 
oblique so superior oblique sr superior rectus (From 
W=)lls 1942) 
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Fig 8 73 Action of the three pairs of antagonistic eve 
mjscles (Adler 1965) 

amacrme cells and ganglion cells which have 
been observed with the electron microscope 
may be correlated with functional differences 
in the neural activity of the retina as described 
in a later section 

THE OPTIC NERVE AND OPTIC TRACT 

The spatial organization of the retina is pre- 
served in the pattern of orientation of fibers 
which leave the eye in the optic nerve (Fig 
8 75) Fibers that represent signals originating 
in the temporal retina do not cross the midline 
at the optic chiasm but travel up into the optic 
tract on the same side of the brain Fibers orig- 
inating in the nasal half of the retina, on the 
other hand, depart from those fibers which 
represent the temporal half, cross at the 
chiasm and travel centrally within the optic 
tract on the opposite side of the brain The 
implications of these connections have been 
tested by observing the effects of lesions made 
m the regions indicated in Figure 8 75 The 
major import of this anatomical design is that 


stimulation of receptors from objects within 
the right half of the visual field will stimulate 
the left half of each retina and will give rise to 
nerve signals which will be transmitted to the 
left hemisphere of the brain Conversely, stim- 
ulation from the left visual field ultimately is 
transmitted to the right hemisphere of the 
brain 

The fibers within the optic tracts terminate 
in various places Some go to the pretectal re- 
gion (Magoun and Ranson, 1935a and 1935b) 
and others to the superior colliculus (Davson, 
1949) Most terminate in the lateral geniculate 
body 



Fig 8 74 The synaptic contacts of vertebrate retinas 
The receptor terminals (RT) are penetrated by processes 
from bipolar (B) and horizontal (H) cells which terminate 
near the synaptic ribbons of the receptors Flat bipolar 
cells (FB) make superficial contacts on some receptor 
terminals Horizontal cells make synaptic contacts with 
bipolar dendrites as shown and with other horizontal 
cell processes as well Horizontal cells appear to medi- 
ate connections between receptors and bipolar cells 
over relatively great lateral separations on the retina In 
the region corresponding to the inner plexiform layer 
bipolar terminals are shown to contact either one gan- 
glion cell (G) dendrite and one amacrtne cell (A) process 
at ribbon synapses or two amacrme cell processes 
Amacrme cells make synapses with each other with 
ganglion cells and back onto bipolar terminals The rela- 
tive number of direct contacts between bipolar cells 
and ganglion cells appears to increase the higher the level 
of the animal considered (Dowling 1970) 
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Fig 8 75 Diagram of the central visual pathways A plan view visual defects corresponding to lesions A B C D 
E F G are described in the text S C superior colliculus P T, pretectal region O M oculomotor nucleus L G 
lateral geniculate B elevation view (Brown 1965a. as modified from Homans and Fox and German) 


THE LATERAL GENICULATE BODY 

Cells of the dorsal nucleus of the lateral ge- 
niculate body are in six layers, the first, fourth, 
and sixth receiving fibers from the contralat- 
eral eye, and the second, third, and fifth re- 
ceiving fibers from the ipsilateral eye (Fig 
8 76) There is topological correspondence be- 
tween points on the retina and areas of termi- 
nation in the lateral geniculate body (Clark 
and Penman^ 1934) Although there is some 


evidence for bmocular fusion of neural activity 
at the lateral geniculate body for the cat (Hay- 
how, 1958, Sanderson et al , 1969), there seems 
to be little binocular interaction at this level in 
the monkey or, presumably, in man. Recent in- 
formation from the laboratory of Peter Bishop 
suggests that there may be binocular mterac- 
tion m cells of the lateral geniculate body If 
this IS so, it is possible that it is mediated for 
at least one eye via cortical connections In 
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F»g 8 76 Section through the left lateral geniculate body of a rhesus monkey sacrificed 8 months after enuclea- 
tion of the left eye (Brindley 1 960 after Minkowski ) 


monkeys, neural fibers reaching the lateral, 
geniculate body divide into several branches, 
each of which may terminate on a different 
neuron There is thus considerable divergence 


from retina to lateral geniculate The fact that 
there are approximately as many cells m the 
lateral geniculate body as there are fibers 
reaching it via the optic tract suggests that 
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there must also be convergence on single cells 
of the lateral geniculate body The idea that 
there is only a single input to each cell (Glees 
and Clark, 1941) is difficult to accept Various 
authors have suggested differential functions 
for the several layers of the lateral geniculate 
body (DeValois, et al , 1958, Clark, 1949) but 
the possible differentiation of their roles re- 
mains m doubt 

CORTICAL CENTERS FOR VISION 

The radiation fibers from the lateral genicu- 
late body project to the striate cortex of Area 
17 of the occipital lobe via the geniculostriate 
bundle This bundle, the visual radiation, 
travels forward and laterally then down around 
the ventricle of the temporal lobe before re- 
flecting back and upward to the occipital 
cortex (Fig 8 75) That a topologic organiza- 
tion of the individual fibers with respect to 
retinal origin of their signals is maintained can 
be demonstrated by sectioning the optic radia- 
tion as illustrated m Figure 8 75 The effects of 
sections in various regions throughout the 
neural pathway are of interest As shown in the 
figure, a section of one optic nerve results in 
complete blindness of one eye (A in Fig 8 75) 
A transverse cut on one side of the optic 
chiasm (B) will result m blinding of the tem- 
poral half of the retina on the same side and 
possibly the nasal half or a portion of it for the 
retina on the opposite side If a medial section 
of the optic chiasm is made (C), both nasal 
retinas are blinded Section of the entire optic 
tract on one side (D) results in blinding of the 
half of the retina of each eye on the same side 
as that on which the section is made A section 
of the entire geniculostriate bundle has the 
same result If the upper bundle is cut on one 
side (E), there is blindness in the upper retinal 
quadrants in both eyes on the same side as the 
cut A cut in the lower portion of the bundle 
(jP) produces blindness of the lower retinal 
quadrants on the same side 

The striate area of the occipital cortex (Area 
17) extends along the upper and lower lips of 
the calcarine fissure The way in which radia- 
tion fibers which represent various retinal re- 
gions termmate m the cortex is portrayed by 
the coding of the cortex and the retinal field as 
shown in Figure 8 77 There is a dispropor- 
tionately large number of cortical cells which 
subserve the processing of information from 
the macular region of the retina It has been 




Fig 8 77 >4 projection of the retina on the visual 
cortex Various regions of the visual field {B) referred to 
regions in the striate area (A) as indicated by the coding 
The figure is drawn with calcarine fissure spread apart 
to reveal its inner walls (From Holmes 1945 ) 

estimated that there are on the order of 100 
cortical cells for every cone in the fovea of the 
eye of the monkey (Marshall and Talbot, 1942) 
The widespread representation of the central 
area of the retina renders vision for this part of 
the visual field relatively unaffected by even 
severe lesions of the occipital lobe Areas 18 
and 19 of the occipital cortex receive projec- 
tions from the striate area and have been as- 
signed associative and motor functions (Chow 
and Hutt, 1953) 

EFFERENT PATHWAYS 

Efferent fiber pathways within the visual 
system have been well established anatomi- 
cally in birds, but their presence in man is 
uncertain and their function, even when they 
are known to exist is not at all clear (Brindley, 
1960) It has been shown recently that the rela- 
tion between excitatory and inhibitory proc- 
esses in the retina of the chick is disturbed by 
electrical stimulation of centrifugal fibers 
(Miles, 1970) 


INTERMODALITY EFFECTS 

A variety of stimuli from other sensory mo- 
dalities such as hearing, smell, and the vestib- 
ular sense may influence the response of the 
visual system (Hernandez-Peon, et al , 1957) 
Such influences may be mediated via the retie- 



Chapter 4 


Vismn 8-8 1 


ular formation (Granit, 1955) There is a va- 
riety of evidence for involvement of regions of 
the nervous system not classically associated 
with the visual pathways m response to visual 
stimulation For example, units in the ventral 
medial hypothalamus of cats have been re- 
ported to show an increase in firing rate in 
response to visual stimulation by diffuse light 
or shadows (Campbell, et al , 1969) Several 
mvestigators have shown that unit activity m 
the amygdaloid nucleus is influenced by visual 
stimulation (Sawa and Delgado, 1963, O’Keefe 
and Bouma, 1969) A variety of responses to 
visual stimulation has been recorded from the 
inferotemporal cortex Recently, complex 
forms of response to visual stimulation have 
been recorded m single units of this area 
(Gross, et al , 1969) The posterior cingulate 
gyms has been implicated with the visual 
system by the demonstration that effects on 
cortical dendritic branching m this region may 
occur as a result of dark rearing (Coleman and 
Riesen, 1968) The red nucleus is implicated m 
visual processes by reason of the fact that its 
destruction may cause a deterioration of the 
ability to make visual size discriminations 
(McNew, 1968) As mentioned above, inputs 
from a number of other sensory modalities 
may influence visual responses The simple 
expedient of tilting the body appears to change 
the orientation of receptive fields for visual 
stimuli in the occipital cortex (Horn and Hill, 
1969) 

There is a variety of evidence that regions of 
the nervous system which have classically been 
assigned an exclusive role in connection with 
some sense modality may, m fact, be involved 
m a variety of sensory functions Monkeys 
which had been peripherally blinded earlier 
were able to perform a locomotor maze task m 
which they were required to move through the 
maze After lesions were made in the striate 
cortex their performance was impaired Their 
performance in a stylus maze task in which 
total body movements were not required 
showed no impairment (Ohrback, 1959) The 
implication is that various regions of the cor- 
tex, including those classically assigned a 
visual function, may play an important role m 
the organization and control of behavior in the 
absence of any stimulation via the classically 
associated sensory modality Knowledge of the 
functional anatomy of the nervous system can 
be characterized only as primitive at this time 


PHYSIOLOGY OF ¥!SiOM 

Photochemistry 

The initial transformation of radiant energy 
in the eye which results ultimately in vision in- 
volves the absorption of light quanta by mole- 
cules of photosensitive substance It has been 
known for years that the light sensitive ma- 
terial for rods in many organisms including the 
human is rhodopsm (Wald and Brown, 1958) 
The relative spectral response of the eye when 
dark adapted or under conditions of low illumi- 
nation for regions of the retina which abound m 
rods agrees well with the absorption spectrum 
of this pigment as shown m Figure 8 78 (cf. 
Fig 8 57) The photochemistry of 
bleaching and regeneration of rhodopsm in the 
visual process has been worked out in great 
detail by Wald and his colleagues (Wald and 
Brown, 1965) 

The visual pigments involved under condi- 
tions of higher light illumination, those pig- 
ments which reside in the cones, are not un- 
derstood nearly so well as is rhodopsm It had 
long been assumed that there were perhaps 

/ 

I 

^ Rod sensitivity at retinal surface 



Fig 8 78 Absorption spectrunn of human rhodopsm 
measured in a suspension of rod outer segments com- 
pared with the spectral sensitivity of human rod vision 
The latter data have been corrected for ocular transmis- 
sion or are based on measurements of the spectral sen- 
sitivity m aphakic (lensless) eyes (From Wald and Brown 
1958) 
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three pigments, based on the trichomacy of 
vision (discussed in a later section) Only 
recently, however, have we had fairly direct 
evidence as to the existence of three different 
classes of pigment which probably reside in 
each of three different classes of cone recep- 
tors The spectral response function of the 
light adapted eye, measured in the fovea, pro- 
vides a basis for the specification of the units 
of light as discussed earlier It also is believed 
to represent some form of composite absorp- 
tion spectrum for the cone pigments 

SPECTRAL ABSORPTION FUNCTIONS OF 
VISUAL PIGMENTS 

Several different approaches to the determi- 
nation of the nature of pigment absorption 
characteristics have been taken in addition to 
extraction and in vitro measurement First, it 
IS possible to measure the spectral response 
function Vx, as illustrated in Figure 8 57 This 
is the composite function for all cone pig- 
ments If the eye is then exposed to a steady 
background illumination of intense blue light 
which tends to bleach out the pigments with 
peak absorption in the middle and short wave- 
length regions, the resulting spectral response 
function may be assumed to represent the ab- 
sorption spectrum of a long wavelength pig- 
ment The absorption spectrum of a pigment 
which peaks in the middle wavelength may be 
revealed by measurements against a back- 
ground of mixed long and short wavelength, or 
a purple light The nature of the spectral ab- 
sorption function of a pigment which absorbs 
maximally in the short wavelength region may 
be inferred from measurements made with the 
eye adapted to a highly intense yellow light 
which bleaches out pigments pf both long and 
middle wavelength absorption spectra The 
results of such measurements are discussed in 
detail in the treatment of color vision 

Measurements of this kind show an approxi- 
mate agreement with other measurements 
based on the computation of difference spectra 
after selective bleaching (Brown and Wald, 
1963) They are also in agreement with results 
which have been obtained in the living human 
eye by an objective measurement of the light 
reflected back out of the eye for various wave- 
lengths of illumination following selective 
bleaching When appropriate account is taken 
of the fact that such light has made two passes 
through the retina, it is possible to compute 


the absorption spectrum for the unbleached 
eye, and, after bleaching, difference spectra 
which may represent individual pigments 
Although this technique has the advantage of 
providing objective records on the living 
human eye, the interpretation of results in- 
volves a number of complications (Rushton, 
1964) 

Another interesting and extremely difficult 
technique involves the measurement of spec- 
tral absorption characteristics of pigments 
within individual cells The technique is 
known as microspectral densitometry Its diffi- 
culties are such that only a few investigators 
have undertaken it and data are available on 
only a very few individual cones from the 
human retina (Marks et al , 1964, Brown and 
Wald, 1964) Those data which are available 
tend to agree with data based on selective 
adaptation or selective bleaching of the human 
retina One set of curves which provides a rep- 
resentative summary of the relations among 
the absorption spectra of what are believed to 
be three retinal cone pigments and the com- 
posite cone sensitivity function is presented in 
Figure 8 79 The data points in the figure are 
based on measurements at the cornea When 
selective spectral absorption of various ocular 
media is taken into account, the relative 
shapes of the cone functions are changed 
slightly This is shown on the right half {B) of 
Figure 8 79 The primary difference is an ele- 
vation in the relative amplitude of the short 
wavelength function This results largely from 
the blue absorbing properties of the yellow 
macular pigment The peak values for the 
functions presented are at 430, 540, and 575 
nm The hues which correspond with these 
wavelengths are a blue, a green, and a yellow 
Thus, the long wavelength “red” pigment 
really has its maximum absorption m the 
yellow region of the spectrum, although it ex- 
tends well into the longer wavelength red re- 
gion 

PHOTOCHEMICAL CYCLES 

The photochemical cycles for a large variety 
of visual pigments in a number of organisms 
appear to be remarkably similar (Wald, et al , 
1963) Each pigment is identified with its own 
specific type of protein, an opsin which is 
united with the eleven-cis isomer of retinalde- 
hyde Retmaldehyde is the chromophore of the 
complex molecule and it is on this portion of 
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Wave length- 


Fig 8 79 >4 individual color receptor mechanisms and total foveal sensitivity of observer RH The relative ampli- 
tudes of the sensitivities of the individual receptor mechanisms are based on measurements at the corneal surface 
B relative amplitudes as they would be found at the cones In the average observer the blue component would be only 
about one-third as high as the amplitude found in RH (From Wald and Brown 1965 ) 
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Fig 8 80 Molecular structures of 1 1-c/s Retinol retinaldehyde and all-trans Retinol (vitamin A) 


the molecule that the light acts The nature of 
the action is solely to transform retinaldehyde 
(illustrated in Fig 8.80) from the eleven-czs to 
all-trans configuration (Hubbard and Kropf, 
1958) The all trans retinaldehyde is initially 
still bound to the unmodified opsin of the pho- 
topigment This molecule is extremely un- 
stable at ordinary temperatures, however, and 
m darkness is transformed rapidly over a se- 


nes of intermediate products In the rhodopsin 
cycle, the first product of bleaching is known 
as prelumirhodopsin, which is transformed 
rapidly into lumirhodopsin The next stage is 
metarhodopsin I, then metarhodopsin II, and 
finally, as a result of hydrolysis, a mixture of 
opsin and free all-tmns retinaldehyde, The last 
stage IS so slow that it cannot play a direct 
role in visual excitation. Therefore, excitation 
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must depend upon one of the intermediate 
stages In the presence of an enzyme, alcohol- 
dehydrogenase, the all-trans retinaldehyde is 
reduced to retinol (vitamin A) Regeneration of 
the original retinal pigment requires a re-oxi- 
dation of retinol to retinaldehyde along with 
isomerization to the eleven-ci5 configuration 
A schematic illustration of the various stages 
of bleaching is presented m Figure 8 81 for 
rhodopsin The stages are probably similar for 
other pigments except that the unique opsins 
which characterize the pigments replace the 
opsm portion of the rhodopsin molecule An- 
other form of retinaldehyde which differs from 
that found m mammals has been found in fish 
The difference consists in an extra double 
bond in an lonone ring Combination of the 
various opsins which have been found in natu- 
rally occurring photopigments with both of the 
types of retinaldehyde has resulted in the pro- 
duction of a variety of photopigments in- 
cluding some which have not been found in 
nature 

The spectral absorption characteristics of 
photopigments when plotted on a wave 
number axis have all been shown by Dartnall 
(1957) to be of approximately the same form 
That is, if they are shifted along the wave 
number axis, they may be superposed The 
absorption spectra of these same pigments 
plotted on a wavelength axis are broader, the 
longer the wavelength at which they absorb 
maximally The examination of the way in 
which pigments combine and a variety of cal- 


culations may be simplified if absorption 
spectra are expressed with respect to the wave 
number axis 

The bleaching and regeneration cycle does 
not invariably go through the stages outlined 
above A portion of certain unstable interme- 
diate products IS isomerized back into photo- 
sensitive forms by the direct action of light 
(Dowling and Hubbard, 1963) This rapid re- 
generation of a photosensitive substance from 
the unstable photoproduct may account for the 
fact that it IS never possible to bleach more 
than half of the rhodopsin in the retina for rel- 
atively short duration exposures of a bleaching 
light, no matter how intense it may be (Hag- 
ins, 1956) 

ABSOLUTE RETINAL SENSITIVITY 

It has been estimated that the number of 
pigment molecules in an individual rod may 
be 70,000,000 or more (Pirenne, 1962) for each 
of the 120,000,000 rods in the human retina 
Each of these molecules may catch a quantum 
of energy It is of importance for our under- 
standing of how the visual system works to 
examine the question of how much energy is 
necessary for the excitation of a conscious re- 
sponse to retinal illumination A number of 
investigators have studied this problem over 
the years, but not until around 1940 was an 
experiment performed which carefully consid- 
ered all of the variables which must be con- 
trolled for the measurement of a truly min- 
imum energy requirement (Hecht et ai , 1942) 


Pre-lumi (643 m) 



l-< Visual excitation H 


Fig 8 81 Stages in the bleaching of rhodopsin The chromophore of rhodopsin 11 -c/5 retinaldehyde fits closely a 
section of the opsin structure The only action of light is to isomerize retinaldehyde from the 1 1-c/5 to the Q\\-trans con 
figuration (prelumirhodopsin) Then the structure of opsm opens progressively (lumi- and the metarhodopsins) ending 
in the hydrolysis of retinaldehyde from opsm Bleaching occurs in going from metarhodopsin I to II and visual excitation 
rnust have occurred by this stage The opening of opsm exposes new chemical groups including two -SH groups and one 
H-f-binding group The absorption maxima shown are for prelumirhodopsin at —190° C lumirhodopsm at —65° C, and 
the other pigments at room temperature (Wald and Brown 1 965 ) 
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The eyes of observers were dark adapted for 
at least thirty minutes in order to ensure max- 
imum sensitivity of the rod receptors A test 
light wavelength of 510 nm was selected be- 
cause this wavelength corresponds approxi- 
mately with the wavelength of maximum ab- 
sorption of the photopigment of the rods, rho- 
dopsin The test flash illuminated a region of 
the retina located at a distance of 20° tempo- 
rally along the horizontal meridian of the 
retina In this region the density of rods is at a 
maximum and there is no danger of complica- 
tion by the blind spot (Fig 8 62) 

Retma Image Size. The size of the image of 
the test flash on the retina was restricted to 10 
min of arc in diameter It has been demon- 
strated that with increase in the area of a test 
patch on the retina, retinal illumination, ex- 
pressed in lumens per unit area, may be re- 
duced Within limits, the eye is capable of 
summation of light energy over its surface 
Thus, if a given total energy is required for 
stimulation of the eye, a lower number of lu- 
mens per unit area may be required if a larger 
area is illuminated (Bartlett, 1965a) This 
summation capability begins to break down if 
the area becomes too large, however There is a 
limit to the extent to which light may be dis- 
persed over the retina without a reduction in 
the summation of its effectiveness The area 
selected by Hecht, Shlaer, and Pirenne (1942) 
was well within the limit for complete retinal 
summation 

Test Flash Duration The flash duration 
which they employed was 0 001 sec Just as the 
eye is capable of summating energy over area, 
so it is also capable of summating energy in 
time Within limits, the longer the duration of 
a test flash, the lower will be the threshold 
level expressed in lumens The lumen is a unit 
of luminous energy per unit time or luminous 
flux Thus, the longer the eye is exposed to a 
given luminous flux, the greater will be the 
total energy of the exposure If threshold de- 
pends upon a fixed amount of energy, then the 
longer the flash duration, the lower will be the 
luminous flux necessary to achieve the con- 
stant energy required for threshold (Fig 8 82) 
This is true as long as a critical duration, be- 
yond which temporal summation is no longer 
possible, IS not exceeded (Graham, 1965a) 
Critical duration in the dark-adapted eye is 
approximately 0 1 sec The flash duration of 
0 001 sec was therefore well within the critical 
duration 



Fig 8 82 Logarithm of the product of luminance and 
flash duration as a function of the logarithm of flash du- 
ration for a small test light in the fovea Time is m sec- 
onds The product of luminance and time or energy re- 
mains constant up to a flash duration of 0 1 sec and 
then increases in direct proportion to duration (Graham 
1965a) 

Minimum Energy at the Retina. The appa- 
ratus used for the experiment was carefully 
calibrated in terms of radiant energy per unit 
time per unit area delivered to the corneal sur- 
face of the eye of an observer Precautions 
were taken to insure that the cross-sectional 
area of the beam entering the eye was known 
and was in no way restricted or altered by 
pupillary contraction Threshold measure- 
ments revealed that the test flash could be 
detected at significantly better than a chance 
level when between 54 and 147 quanta were 
supplied at the corneal surface By taking into 
account the absorption and reflection charac- 
teristics of the ocular media and the per- 
centage of energy reaching the retina which is 
actually absorbed by the photopigment, it was 
estimated that the number of quanta necessary 
for excitation of the visual process in a human 
observer lies somewhere between 5 and 14 The 
best available current estimate of the number 
of rods in the retinal area which was stimu- 
lated IS 350 The 5 to 14 quanta may be ex- 
pected to be distributed randomly over such 
an area and, consequently, there is a negligible 
probability that more than a single quantum 
would be absorbed by a single rod at threshold 
This is a highly significant finding It means 
that the action of a single quantum on one out 
of more than 70,000,000 molecules within a 
given receptor gives rise to events m that re- 
ceptor which influence succeeding elements in 
the nervous system and ultimately arouse a 
conscious response The fact that not one but 
at least a small number of rods must be ex- 
cited in the same short interval of time is also 
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Significant Some molecular transformations 
may be expected to occur in the absence of 
light The requirement that a finite number, 
perhaps five, occurs within a short time in- 
terval provides the organism with a basis for 
the discrimination of true signals against the 
background noise level of the retina 

Sources of Variability It is appropriate to 
mention one additional implication of this 
experiment It was observed that the varia- 
bility of response of the subjects was only very 
slightly greater than the quantum variability 
to be expected in repeated presentations of the 
stimulus This implies that under very care- 
fully controlled conditions, the physical varia- 
bility of the stimulus may represent a major 
contribution to the total variability of the 
stimulus -response system 

Physiology 

ELECTRICAL ACTIVITY 

The Electroretmogfram. The recording of 
gross electrical activity of the retina in re- 
sponse to light stimulation has been possible 
for a number of years (Riggs, 1958, Gouras, 
1970) If a voltage is measured between the 
front surface of the eye in the region of the 
cornea and a reference electrode located on the 
forehead or some region of the face, stimula- 
tion of the eye by light results in a complex 
wave form of response which occurs after a rel- 
atively short latency (Fig 8 83) A contact lens 
is used to position an electrode over the 
cornea Certain components of the wave form 
are associated with scotopic or rod processes 
and other components are associated with pho- 
topic or cone processes The wave form 
changes depending on the condition of adapta- 
tion of the eye when the stimulus is presented, 
whether a single stimulus or a tram of stimuli 
is presented, and such variables as the lumi- 
nance and wavelength distribution of the stim- 
ulus Although the components of the electro- 
retinogram (ERG) may represent rod and cone 
processes, this does not necessarily imply that 
they reflect voltage changes within the recep- 
tors themselves The latency of response of 
some of the components is much too long for 
that and it is probable that the major compo- 
nents of the ERG, as it has been typically re- 
corded, reflect events which are triggered by 
the stimulation of receptors but which occur in 
subsequent elements of the visual pathway 
within the retina 



Fig 8 83 The electroretinogram in the dark-adapted 
human eye (solid line) as the resultant of photopic 
(dashed line) and scotopic (dotted line) components The 
a-wave is composed of the photopic (ap) and scotopic 
M components and the b-wave is composed of the 
photopic (bp) and scotopic (bg) components (Armington 
etal 1952) 


The Early and Late Receptor Potentials 
In recent years (Brown, 1968) it has been dem- 
onstrated that electrical activity of the retina, 
which almost certainly has its origin m the 
receptors themselves, may be recorded In 
animals, these components may be seen when 
an electrode is inserted into the eye and into 
the retinal layers an appropriate depth The 
voltage change which occurs in response to 
light stimulation is measured with respect to a 
second reference electrode, the tip of which is 
located in the vitreous humor of the eye 
Under these circumstances two components 
are revealed, one of which is of almost zero 
latency and the second of which occurs ap- 
proximately 1 msec after the stimulus These 
have been called the early and late receptor 
potentials (ERP and LRP), respectively (Fig 
8 84) The first is associated with the physical 
events which accompany the absorption of 
quanta by the photopigment The significance 
of the late receptor potential is unknown, but 
presumably it is associated with the events 
which result from quantal absorption and 
which precede or cause excitation of the neural 
elements m the system 
The early and late receptor potentials of the 
retinal response can be observed in human 
subjects if an appropriate technique is em- 
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Fig 8 84 The early and late receptor potentials of 
the cynomolgus monkey The top record A is from the 
peripheral retina and shows the early response between 
the occurrence of the stimulus flash and the rising phase 
of the a-wave The course of decay of the early response 
which can be isolated by cessation of artificial respira- 
tion IS shown by the dashed line The bottom record 
B IS from the fovea where the response is somewhat 
larger in amplitude The stimulus artifact is only positive 
and thus the early receptor potential is seen to be bi- 
phasic The late receptor potential corresponds to the 
rising phase of the a-wave (Brown 1968) 

ployed Obviously, it is not possible to pierce 
the eyeball with a recording electrode A con- 
ventional method of recording the electrore- 
tinogram may be combined with a computer 
averaging technique for the purpose, however 
An electrode is mounted in a contact lens such 
that it can be located over the corneal surface 
of the eye A light flash is presented repeatedly 
and the response to each successive flash is 
accumulated in an appropriate computer 
system This process is synchronized with the 
time of presentation of the flash Those elec- 
trical events which invariably occur at a cer- 
tain time following the initiation of a flash 
tend to summate as the number of flashes is 
increased Random events which are not di- 
rectly correlated with the flash tend, on the 
other hand, to cancel each other out It is thus 
possible, after a sufficient number of presenta- 
tions, to visualize components of the electrical 
response which could never be seen by re- 
cording only a single response 
Changes in the early receptor potential are 
approximately proportional to changes m the 
physical energy of stimulation On the other 
hand, changes in the late receptor potential 


are, over a substantial range, proportional to 
the logarithm of the stimulus intensity Stim- 
ulus intensities may be reached beyond which 
the response no longer increases This is to be 
expected when levels of illumination are em- 
ployed which result m substantial bleaching of 
the photopigment The interesting point is 
that the late receptor potential shows a rela- 
tion to the stimulus which is similar to the re- 
lation between response and stimulus of a 
human observer in psychophysical experi- 
ments The effectiveness of an increase m 
stimulation is more nearly directly related to 
the ratio of the increase than the absolute 
amount of the increase There is also a break- 
down of this relation as higher stimulus levels 
are achieved The conclusion which may be 
drawn is that significant aspects of the trans- 
formation which occurs between peripheral 
stimulation and a complex response to sensory 
inputs occur at the level of the receptors them- 
selves Additional implications of this finding 
are considered in connection with adaptation 
of the eye 

Recently, it has been demonstrated that the 
early receptor potential is dominated by the 
cones in human vision (Goldstein and Berson, 
1969, 1970) Changes in the early receptor po- 
tential which are associated with inherited ret- 
initis pigmentosa have also been found 
(Berson and Goldstein, 1970) 

RETINAL INTERACTION EFFECTS 

There are many lateral interconnections 
among the pathways from individual receptors 
to the layer of ganglion cells and subsequently 
to higher visual centers of the brain (Fig 8 72) 
If a spot of light stimulates one retinal region, 
effects of such stimulation may occur in sur- 
rounding regions as a result of the activity of 
horizontal or amacrme cells It would be of 
very great interest to be able to record from 
each of the classes of cells in the retina during 
stimulation in order to determine the way in 
which their responses compare and what sort 
of interaction mechanisms exist Unfortu- 
nately, this IS a very difficult task Intracel- 
lular recording with electrodes of very small 
diameter (less than 1 fi) has been accomplished 
in each of the various types of cell in the retma 
of NecturuSf the mud puppy The job is easier 
in Necturus by reason of the relatively large 
size of the individual cells (Fig 8 85) A black 
bar in this figure represents illumination of 
one receptor The response of the receptor is a 
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Fig 8 85 Intracellular responses of various retinal 
elements to stimulation of an isolated retinal region R 
receptors H horizontal cell B bipolar cells A ama- 
cnne cell G ganglion cells The stimulation is indicated 
by a black bar over the left receptor The responses of 
the receptor stimulated and the bipolar and horizontal 
cells in direct contact with it are shown to be hyper- 
polarization The action of the horizontal cell on the 
bipolar cell which it contacts is apparently to cause de- 
polarization Spikelike discharges are first seen at the 
level of the amacrine cells but the spikes are single 
transients which occur only at onset and termination of 
illumination Typical neural spike discharge is first seen 
at the level of the ganglion cells (Dowling, 1970 ) 


graded potential and vanes m level with re- 
spect to the amplitude of stimulation Al- 
though the initial response may be somewhat 
higher than the final sustained response, the 
response does not decay completely as long as 
the stimulus is left on Perhaps surprisingly, 
the nature of the response is one of hyperpolar- 
ization Instead of a reduction in the level of 
the membrane potential, this is increased 
Hyperpolanzation appears to be typical of the 
receptors themselves, the horizontal cells and 
the bipolar cells Although studies of neural 
tissue would not have led one to predict this 


outcome, one must infer that hyperpolariza- 
tion of certain elements within the nervous 
system may somehow be associated with exci- 
tation of succeeding elements with which they 
are in contact 

Lateral Inhibition. A receptor displaced 
laterally from that which directly receives 
stimulation may show little or no response 
Such response as is observed could be attrib- 
uted to the effects of scattered light within the 
eye The bipolar cells connected to the adja- 
cent receptors do show a response, however, 
gind it is of opposite polarity to that of the bi- 
polar cells which are directly connected with 
the stimulated receptor This lateral projection 
onto bipolar cells would thus appear to be in- 
hibitory in nature The time course of the ef- 
fect is similar to that of the effect measurable 
in the receptors themselves and in the hori- 
zontal cells and hence the pathway for such 
lateral inhibition would seem to be via the hor- 
izontal cells Amacrine cells provide a hori- 
zontal or lateral linking pathway, but they re- 
spond with a transient It is thus difficult to 
understand how they might mediate the 
graded depolarization observed in adjacent 
bipolar cells 

Some bipolar cells have been found in the 
mud puppy for which the graded potential is 
in the direction of depolarization The re- 
sponse of either type of bipolar cell to a small 
spot of light stimulation is reduced or antago- 
nized when additional illumination is added 
around the region of the central spot There 
thus appears to be a kind of antagonistic inter- 
action between cells which serve adjacent re- 
gions of the retina 

Other Interactions. The amacrine cells do 
show a transient response more nearly like 
that of a typical nerve cell, but they appear to 
respond with a transient at onset and offset of 
illumination, rather than continuously The 
ganglion cells are the first cells which show 
repetitive spike discharge, the frequency of 
which is related to the amplitude of stimula- 
tion Amacrine cells may have some role in 
adaptation and almost certainly are involved 
m the complex processing of visual informa- 
tion in the retina of lower vertebrates (Lettvin 
et al , 1959) 

Insofar as Dowling and his colleagues have 
been able to make recordings from individual 
cells of the retina in other vertebrate species 
higher than Necturus, they have not found 
contradictory results Nonetheless, it would be 
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premature to generalize from their finding to 
the mammalian retina or to the primate retina 
without some qualification As discussed ear- 
lier, the nature of interconnections among the 
various cell types of the retina differs signifi- 
cantly even among mammals 

RECEPTIVE FIELD ORGANIZATION OF THE 
RETINA 

Long before the technical problems asso- 
ciated with intracellular recording in the retina 
had been overcome, it was possible to record 
the activity of individual ganglion cells with 
extracellular electrodes (Kuffler, 1952) In a 
typical procedure, the electrode is inserted 
into the retina until activity which represents 
the discharge of a single cell is detected The 
activity may be spontaneous, or some search 
technique involving a flashing light or a 
moving pattern may be employed Once a cell 
response is identified, the electrode is main- 
tained stationary and an exploration of the 
way in which response of the cell changes 
through stimulation of the retina in various 
regions may be undertaken When explorations 
are made with a small test spot, it is found 
that the retinal region which must be stimu- 
lated to induce any activity or change in ac- 
tivity at the cell is roughly circular It is di- 
vided between a central zone and a sur- 
rounding zone which are antagonistic in their 
effects Stimulation of the central zone may 
cause either excitation or inhibition For cells 
which are excited by stimulation of their cen- 
tral region, the stimulation of the surround 
causes inhibition When stimulation of the 
central region is inhibiting, stimulation of the 
surrounding region will be exciting (Fig 8 86) 



Fig 8 86 The spike discharge response of a gan- 
glion cell of the retina of a cat to various forms of light 
stimulation An appropriately centered small spot of 
stimulation gives rise to a high frequency discharge 
Stimulation of an annular region around the central spot 
results in inhibition Stimulation of the entire region 
both center and surround results in a level of discharge 
slightly less than that evoked by the center spot alone 
(Brown and Wiesel 1959 ) 



Fig 8 87 Diagram of a receptive field in the retina 
of the cat The contours are based on the response of a 
microelectrode which is presumed to be in contact with 
a single ganglion cell When an exploring light spot il- 
luminates the region labeled -(- on discharges occur 
when regions labeled 0 off discharges occur There is an 
intermediate region marked © in which both on and off 
discharges are recorded (From Kuffler 1953) 

This kind of receptive field organization is 
found in the cat (Fig 8 87), m the monkey, 
and presumably is the type of receptive field 
organization which exists m man This organi- 
zation IS also found m other animals such as 
the rabbit, the squirrel, the frog and the pi- 
geon, but other more complex organizations 
are also present (Lettvm, et al 1959) These 
more complex organizations are apparently 
associated with a greater significance of the 
role of the amacrme cell in retinal interaction 
There is some evidence that the organization 
of the receptive field may change when the eye 
IS dark adapted (Studies of receptive field 
organization are typically performed in a light- 
adapted preparation) Barlow and co-workers 
(1957) have reported that the antagonistic sur- 
rounding element of the receptive field drops 
out when the eye becomes dark adapted Their 
experiment has attracted considerable interest 
m connection with our efforts to understand 
the nature of the dark adaptation process To 
some extent at least, the increase in sensitivity 
of the dark-adapted eye must be attributed to 
an increased spatial summation capability 
Lateral inhibitory effects are not entirely com- 
patible with spatial summation and the notion 
of a reorganization of the receptive field durmg 
dark adaptation which might favor summation 
is therefore attractive (Fig 8 88) 
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Just as the absence of lateral inhibition ef- 
fects may render the eye more capable of spa- 
tial summation and hence increase its sensi- 
tivity at ver> low light levels, lateral inhibition 
at high light levels may be useful as a basis for 
enhancing the spatial resolution capacity of 
the eye Excitatory receptive field centers on 
the lighter side of a boundary between a light 
portion and dark portion of the retinal image 
such that the inhibitory surround is partially 


Receptive Field of On-center Unit 
Dark-adapted Light-adapted 




Fig 8 88 Suggested organization of the receptive 
field of an on-center unit m the retina of the dark- and 
light-adapted cat On or off responses are obtained when 
the stimulus falls in the correspondingly labeled regions 
of the field Locations of the limits of these regions are 
based on inferences from area threshold curves (Bar- 
low Fitzhugh and Kuffler 1957) 


within a darker region will have a lesser total 
amount of light on the inhibitory surround 
than IS true for other receptive fields of similar 
spatial size and organization which are all m 
the region of higher illumination In conse- 
quence, the ganglion cell associated with the 
receptive field center near the boundary with 
the darker region may be excited to a higher 
level of activity The effect may be to enhance 
the difference in excitation selectively in the 
region of boundaries (Fig 8 89) 

Attempts have been made to devise precise 
quantitative models which will be descriptive 
of the role of inhibitory processes in the retina 
(Reichardt and MacGinitie, 1962) When such 
models adhere strictly to known principles of 
neuroanatomy and neurophysiology, involve 
constants which have values which are reason- 
able in biophysical or biochemical terms, and 
at the same time provide a good description of 
experimental results and possibly afford some 
prediction of what one may expect in experi- 
ments yet undone, then they may be consid- 
ered as theoretical interpretations of what may 
actually be occurring in the nervous system 
Unfortunately, most such models fit only the 
data upon which they are based, require arbi- 
trary constants to do so, and are of limited 
predictive value 



Fig 8 89 Border contrasts m a pattern of bands which increase in lightness from left to right The reflectance of each 
individual band is constant although bands appear lighter in the region of the left-hand boundary This may result from the 
lesser amount of stimulation of surrounding inhibitory regions of receptive fields in the vicinity of the boundary In the 
schematic illustration of receptive fields on the figure the ganglion cell stimulated by the field adjacent to the boundary 
wiM presumably fire at a rate higher than that stimulated by the field located near the center of the band 
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differential retinal responses to 

STIMULUS WAVELENGTH 

In animals with color vision, there must be 
some differentiation of responses to stimu- 
lating lights having different wavelength dis- 
tributions Such differentiation must occur at 
the most peripheral point in the receptor 
system As noted above, cones are equipped 
with pigments having different absorption 
spectra and hence may respond differentially 
when the wavelength of the stimulus is 
changed It may be assumed that a different 
pattern of subsequent retinal events will follow 
when the light stimulus is changed from red to 
green, for example Unfortunately, most of the 
work which has been done on the differential 
responses of the retina to different wavelength 
distributions of the test stimulus has been 
done in the fish The color vision of the fish, 
although it must have arisen via a quite dif- 
ferent evolutionary path from that of the hu- 
man, IS very similar to the color vision of man 
As illustrated in the first figure of Chapter 1, 
studies of the response of the fish retina to dif- 
ferent wavelength distributions of the stimulus 
have shown that graded potentials may be 
obtained with a different polarity depending 
upon the spectral character of the stimulus 
(Svaetichen and MacNichol, 1958) Such 
graded potentials may have arisen in bipolar 
cells or horizontal cells It seems doubtful that 
the primary receptor itself could respond di- 
rectly with either hyperpolarization or depolar- 
ization although this kind of response is not a 
physical impossibility. There are photoconduc- 
tive materials which respond differentially to 
light of different wavelength distributions It 
seems probable that bipolar cells, such as those 
illustrated in Figure 8 85, may respond in one 
direction when light of an appropriate wave- 
length illuminates the receptor element to 
which they are directly connected and in a dif- 
ferent direction when a nearby receptor having 
a different photopigment is stimulated by light 
of a different wavelength with a resulting ac- 
tivity m some horizontal cell which results in a 
response of the bipolar cell m the opposite 
direction 

One study of the ganglion cells of the 
monkey indicates that there are indeed differ- 
ential responses of these cells to changes m the 
distribution of the wavelength of the stimulus 
(Gouras, 1968) This work is preliminary, how- 


ever, and does not provide a basis for our un- 
derstanding of the detailed nature of the ret- 
inal connections which are involved in color 
discrimination 

THE LATERAL GENICULATE BODY 

The results of microelectrode studies of re- 
ceptive fields for single cells of the lateral ge- 
niculate body of the cat (Hubei and Wiesel, 
1961) are very similar to results obtained by 
electrode recording from the ganglion cell layer 
of the retina or the optic nerve Receptive 
fields show a concentric organization with an- 
tagonistic center and surround characteristics 
The variability of response at the level of the 
lateral geniculate body is considerably greater 
than is the case at the retina, however Ac- 
tivity within the reticular formation probably 
influences activity of the lateral geniculate 
body (Hubei, 1960, Arden and Soderberg, 
1961) In addition, there is some evidence for 
cortical influence on activity of the lateral ge- 
niculate body (Widen and Ajmone-Marson, 
1961) and anatomical bases for such influence 
have been confirmed Although binocular in- 
teraction within the lateral geniculate body 
has been reported m the cat (Bishop and 
Davis, 1953), there is no substantial evidence 
for physiological interaction of inputs from the 
two eyes at the level of the lateral geniculate 
body in primates In spite of the large number 
of experiments which have been performed on 
the neural activity of the lateral geniculate 
body, possible differential functions of the dif- 
ferent layers remain obscure There is both 
convergence and divergence of connections 
from cells in the retina to cells in the lateral 
geniculate body and one result would appear 
to be an increase in spatial contrast at the lat- 
eral geniculate body (Hubei and Wiesel, 1961) 

Color Coding The most extensive electro- 
physiological studies of the color vision process 
in primates have been done on the lateral ge- 
niculate body (DeValois, 1965) Individual cells 
have been found which respond by increased 
activity to all wavelengths of light and which 
have a spectral response characteristic similar 
to that of the visual system as a whole (Fig. 
8 57) Other cells, called color-opponent cells, 
have been found which show increased levels 
of activity for stimulation in one wavelength 
region and a suppression of the resting level of 
activity m another wavelength region Some 
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cells may be excited by relatively long wave- 
lengths of light and inhibited by middle wave- 
leng^ths These are characterized as “red-on, 
green-off ” Other cells may be characterized as 
‘green-on, red -off ” Still other cells have been 
found which may be characterized as “yellow- 
on, blue-off” and “blue-on, yellow-off” (Fig 
8 90) The precise nature of the response of 
these cells depends upon the condition of ad- 
aptation of the eye 

Some effort at determining the spatial orga- 
nization of the receptive fields of color differ- 
entiating cells has already been made by Wie- 
sel and Hubei (1966) They have reported three 
main types of cells (Fig 8 91), the first of 
which must be involved in both spatial and 
color discriminations, the second of which is 
apparently involved primarily in color discrim- 
ination and the third of which is apparently 
specialized primarily for a role in spatial dis- 
crimination 

The first class of cells has either an excita- 
tory or inhibitory center with an opposing sur- 
round Center and surround have different 
spectral response properties Receptive field 
sizes are relatively small, many well under 1° 
in diameter The on-center types are smaller 
than the off-center types and all tend to be 
smaller when their receptive fields are located 
closer to the fovea In order of frequency, they 
have been found with “red-on” centers and 
“green-off” surrounds, “red-off” centers and 



Fig 8 90 Difference between average number of 
spike discharges at stimulus onset and average number 
of spike discharges at stimulus offset as a function of 
wavelength (nm) of the stimulus for each of two single 
neural units m the lateral geniculate body of the monkey 
The results illustrated with solid circles and a dashed line 
show a maximum on response in the blue region and a 
maximum off response in the yellow region Results pre- 
sented with open circies and a solid line indicate a 
maximum off response in the green region and a maxi- 
mum on response in the red region of the spectrum 
(DeValois 1960) 



Fig 8 91 Nature of units showing a selective re 
sponse to wavelength of stimulus in the lateral genicu 
late body (Wiesel and Hubei 1966 ) 


“green-on” surrounds, “green-on” centers and 
“red-off’ surrounds, “green-off’ centers and 
“red-on” surrounds, and “blue-on” centers 
and “green-off” surrounds Other possible 
color combinations were not found 
The second type of cell, a small minority of 
the total, showed no differential center-sur- 
round organization Opposing responses de- 
pendent upon the wavelength of stimulation 
were found over the entire receptive field, 
sometimes “green-on, blue-off” and sometimes 
“green-off, blue-on ” A very few were found 
with red and green connections These recep- 
tive fields also tended to be less than 1° m 
diameter 
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The third type of cell was found to have a 
concentric “on” or “off” center and opposing 
surround but no spectral differentiation be- 
tween center and surround Still another type 
of cell was found m the ventral layer of the 
LGN with a concentric “on” center and a very 
large “off’ surround The spectral response 
properties of these cells tend to be displaced 
toward the long wavelength end of the spec- 
trum When both center and surround were 
stimulated, the response characteristic of the 
surround tended to prevail The opposite is 
true for concentrically organized receptive 
fields of the retina and most of those reported 
heretofore in the LGN 


THE ACTIVITY OF SINGLE CELLS OF THE 
CORTEX 

Receptive Fields. Unit activity of cortical 
cells has been studied by a large number of 
investigators, but the work of Hubei and 
Wiesel (1962 to 1965) has probably attracted 
the most attention In most of their work, 
these investigators have found almost exclu- 
sively elongated receptive fields associated 
with single cells when a spot of light was em- 
ployed for mapping of the fields Receptive 
field organizations are shown in Figure 8 92 for 
comparison with two receptive fields found in 
the lateral geniculate body The linear organi- 
zation of the cortical receptive fields found m 
Area 17 as illustrated m the figure has been 
characterized as “simple ” In Area 17 and 
more often in Areas 18 and 19, receptive field 
organizations are found of a more complex 
sort These also respond optimally to stimula- 
tion by a line element, either a white line on a 
dark field or the converse 

For both simple or complex cells, it is im- 
portant that the orientation of the line corre- 
spond to the optimum for the receptive field 
The complex cells respond to stimulation 
which IS relatively independent of the precise 
position of the stimulus, however Orientation 
remains critical but the line element may be 
displaced laterally Higher order hyper-com- 
plex cells have been recorded for which the 
length of a line element stimulus may be im- 
portant as well as other geometric characteris- 
tics of the stimulus 

Presumably, ganglion cells, the receptive 
fields of which represent linear arrays on the 
retina, each project to individual cells of the 


A 







Fig, 8 92 Receptive fields of simple cells in the 
cortex of the cat compared with the circular organization 
of receptive fields of the lateral geniculate body A on- 
center geniculate receptive field B off center geniculate 
receptive field C to G various arrangements of simple 
cortical receptive fields Areas indicated by x produce 
an on response with retinal stimulation areas indicated 
by A are inhibited by retinal stimulation and discharge 
when the stimulus is terminated A solid line shows the 
axis of orientation of the receptive fields Each kind of 
arrangement is found in all orientations (Hubei and 
Wiesel 1962) 


lateral geniculate body, all of which in turn 
converge upon a single cell in the striate 
cortex Such single cells then show the kind of 
organization illustrated in Figure 8 92 Sets of 
these simple cells which represent parallel line 
elements must then converge upon single cells 
which show the complex field organization 
Higher orders of complexity are associated 
with higher orders of convergence of cortical 
cells This kind of arrangement is illustrated m 
Figure 8 93 Some of the work of Hubei and 
Wiesel has been confirmed by other investiga- 
tors (Baumgartner, Brown, and Schulz, 1965, 
Spinelli and Barrett, 1969) but these other 
investigators have also found some cells in the 
cortex with circular receptive field organiza- 
tions 

As they reported earlier for the cat (1962), 
Hubei and Wiesel (1968) have reported col- 
umnar organization of cells m the monkey 
cortex Columns of cells oriented perpendicu- 
larly to the cortical surface contain cells which 
all have similar receptive field orientations An 
independent and overlapping set of somewhat 
larger columns contains cells which tend to 
respond to one or the other eye There is some 
indication that cells may also be grouped on 
the basis of their responses to movement 
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cells of the cortex which respond to line element stimu- 
lation of the retina 

Some cells m both cat and monkey show re- 
sponses which are specific to the direction of 
motion of the visual stimulus In monkeys, 
receptive fields tend to be smaller and sensi- 
tivity to stimulus pattern orientation more 
specific than in the cat 
In addition to the columnar organizations, 
there appears to be organization in depth m 
the visual cortex In the monkey, complex and 
hypercomplex cells which are driven by either 
eye are found in the outer layers (II and part of 
ni) In middle layers (III and IV) simple cells 
predominate In layer IV, units lacking in ori- 
entation specificity have been found in the cat, 
as reported by Baumgartner and co-workers 
(1965) and Spmelli and Barrett (1969), but 
these units could conceivably be the axons of 
geniculate cells In the monkey, most of the 
cells of layer IV respond only to stimulation of 
One eye The cells of layers V and VI, like 
those in layers II and the upper part of III, 
have mostly complex and hypercomplex fields 
and are binocularly driven There are rela- 
tively few binocularly activated cells in Area 
17 of the monkey Binocularly activated cells 
are common in this area in the cat, on the 
other hand. 

Color Coding. Only a small percentage of 


the ceils of the cortex of the monkey which 
have been examined for their possible color 
coding characteristics have proven to be re- 
sponsive to differences m the spectral char- 
acter of the stimulating light (Hubei and Wie- 
sel, 1968) Some of these were found to have 
concentric field organization unlike any found 
in the lateral geniculate body Only 25% of the 
simple cells and 7% of the complex and hyper- 
complex cells of the cortex gave responses spe- 
cific to color of the stimulus The nature of 
color coding in the cortex has been studied by 
other investigators, but there is no clear agree- 
ment as to its nature (Motokowa, Taira, and 
Okuda, 1962, Gouras, 1970) 

Binocular Coding. As indicated earlier, the 
first significant interaction of neural activity 
from the two eyes probably occurs in the 
cortex Recently, receptive fields have been 
found in the cortex which are driven more 
effectively by stimulation of both eyes than by 
stimulation of either eye alone The locations 
of the receptive fields on the retinas of the two 
eyes are not always in the same relation to the 
area centralis of the cat, however, or m the 
same relation to the fovea m the monkey The 
field of one eye may be slightly further away 
from the center than that of the other Thus, 
when the retinal center is being stimulated by 
a given point in space, some other point or 
object in space must be either further away or 
closer to the animal than the point fixated in 
order to stimulate this particular kind of re- 
ceptive field equally well m both eyes This is 
due to the disparity of image location in the 
two eyes for any objects in the visual field 
which are at a different depth than objects 
which stimulate corresponding points (Barlow, 
Blakemore, and Pettigrew, 1967) When the 
eyes of the cat are immobilized, an optimum 
distance can be found for a line element stim- 
ulus m the proper orientation which will give 
rise to maximum response Presumably, this 
distance is such that for the orientation of the 
two eyes the stimulus object will be imaged on 
both of the receptive field locations for the 
particular cell from which recordings are being 
made An illustration of the typical disparity 
found, on the average, is presented in Figure 
8 94 for both the vertical and the horizontal 
direction It is evident that the range of dis- 
parity IS much greater for the horizontal than 
for the vertical direction When the head of the 
animal is in a normal erect position, the two 
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eyes are displaced horizontally, and therefore, 
disparities resulting from differences in depth 
of objects m the visual world are horizontal In 
the monkey, unlike the cat, cells which re- 
spond optimally when both eyes are stimu- 
lated have only been found in Area 18 About 
half of the cells in Area 18 require stimulation 
of both eyes for the elicitation of more than a 
weak response For some of these, the recep- 
tive fields of the two eyes correspond geomet- 
rically, for others there is a disparity in posi- 
tions of the two fields (Hubei and Wiesel, 
1970) 

Work of this kind suggests that specific cor- 
tical cells which respond to objects in the 
visual world at specific distances relative to 
the point of regard of the organism may be 
involved in the process of binocular depth dis- 
crimination They could also be involved in 
the control of vergence movements of the eyes 
associated with changes m depth of fixation 

DEVELOPMENTAL ASPECTS OF CORTICAL 
PROCESSES 

In recent years, there has been considerable 
interest in the relation of visual experience to 
the development of the corticoneural processes 
which subserve vision Experiments have been 
performed on cats in which several different 
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Fig 8 94 Histograms of horizontal and vertical dis- 
parities of the centers of 87 binocularly stimulated units 
m seven cats Estimated positions of the two areas cen- 
trales were assigned zero disparity Horizontal angular 
separation of the two receptive field centers less than 
that of the areas centrales were taken to indicate con- 
vergent disparity greater angular separations were 
taken to indicate divergent disparity Units with con- 
vergent disparity are excited optimally by objects lo- 
cated closer to the animal than its point of fixation The 
reverse is true for units with divergent disparity (Bar- 
low, Blakemore, and Pettigrew, 1967) 


procedures have been employed (Ganz, 1971) 
If both eyes are covered at birth or sutured 
shut and left that way for the first 3 months of 
life, there is a gross impairment of vision Sub- 
sequent electrophysiological studies indicate 
that fewer cortical cells with elongated recep- 
tive field organizations are found Whereas m 
the normal animal, virtually all cortical cells 
are responsive to visual stimulation, more than 
a third of the cells in the binocularly deprived 
animal are unresponsive (Wiesel and Hubei, 
1965) Those cells which do respond show a 
proportion responsive to stimulation of either 
eye which is approximately the same as that m 
the normal animal 

If only one eye is kept closed for 3 months, 
the effect is very much more severe for the 
deprived eye than is the case with binocular 
deprivation Wiesel and Hubei (1965) found 
that only 7% of cortical cells from which they 
recorded would respond to stimulation of the 
deprived eye 

Neurons in the visual cortex of kittens 8 to 
16 days of age respond to complex visual 
stimuli such as edges and contours in a way 
which IS qualitatively similar to the response 
found in normal adult animals (Hubei and 
Wiesel, 1963) This suggests that the effect of 
deprivation is some kind of degenerative 
process rather than a failure of development in 
the absence of stimulation Clearly, the degen- 
eration, whatever its nature, is more severe 
when an alternative mechanism, i e , an uncov- 
ered eye, is available 

Behavioral studies with cats which have 
been visually deprived confirm the neurophysi- 
ological studies Binocularly deprived animals 
have difficulty in making form discriminations 
which are relatively easy for the normal an- 
imal For an animal which has been monocu- 
larly deprived for the first three months, such 
discriminations may be impossible with the 
deprived eye Brightness discrimination, color 
discrimination in primates, and gross form 
discriminations may show little or no effect of 
binocular visual deprivation (Riesen, 1958) 
Impairment of the deprived eye is noted after 
protracted monocular deprivation, however, for 
brightness discrimination and gross form dis- 
crimination The impairment would appear to 
be fairly specific to finer kinds of pattern vi- 
sion after binocular deprivation 

In the normal animal a high percentage of 
the cortical cells examined may be stimulated 
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via either eye Both eyes may participate in 
excitation of a large majority of the cells If, at 
birth, the ocular muscles are severed so that 
conjugate eye movements are impossible, a 
different result is found The elongated recep- 
tive fields of the cortex can be detected, but 
the majority of them are stimulated either by 
one eye or the other, not by both eyes (Hubei 
and Wiesel, 1965) 

The shorter the duration of the interval for 
which eyes are closed, the less marked are 
impairment effects on vision There does ap- 
pear to be a critical duration which, in the case 
of the cat, is approximately the first three 
months after birth Extensions of this work 
with the monkey indicate that the most crit- 
ical period for deprivation of vision is in the 
first 6 weeks of life, but that the critical period 
lasts for at least the first year of life 

CONTROL OF EYE MOVEMENTS 

Movements of the eyes are extremely com- 
plex Four distinct types of movement may be 
distinguished As we look about us, without 
moving our heads, at stationary objects within 
the visual field, our eyes move in their sockets 
in a conjugate fashion so that both are always 
directed toward the same point of regard Such 
eye movements are called saccades They are 
extremely rapid and may reach a peak velocity 
of 400‘^/sec (Robinson, 1968) The reaction 
time for a saccadic movement is approxi- 
mately 200 msec These movements are classi- 
fied as voluntary, but they may be initiated 
involuntarily by peripheral visual stimulation 
They may also result from a lateral auditory 
stimulus Neural control of these movements 
appears to be coded in terms of eye position 
rather than eye movement (Robinson, 1970, 
Schiller, 1970) 

A second class of eye movement is the 
smooth pursuit movement This is only pos- 
sible when the eye is tracking a moving target 
All other voluntary movements are saccadic 
When some object moves within the visual 
field, it IS possible for the eye to pursue it 
smoothly Such movements may be voluntary 
or involuntary If a repetitive pattern is moved 
continuously m front of the eyes, particularly 
in a horizontal direction, it is virtually impos- 
sible to prevent pursuit movements by the 
eyes Such movements are referred to as the 
optokinetic reflex Control of pursuit move- 
ments as contrasted with saccadic movements 


would appear to be based on velocity rather 
than position of the stimulus The eyes are 
capable of following a moving target with rea- 
sonable accuracy up to approximately 30°/sec 
Smooth pursuit movements up to velocities as 
high as 100° /sec are possible but not in main- 
tained synchrony with a moving target (Robin- 
son, 1968) 

Both saccadic movements and pursuit move- 
ments are conjugate in that the two eyes move 
together as the point of regard is shifted in a 
frontal plane On the other hand, when fixa- 
tion shifts from one object to an object which 
IS located at a different depth, vergence move- 
ments occur If we look from a near to a far 
object, the eyes must diverge in order to main- 
tain fixation With transition of the point of 
fixation to an object much closer, the move- 
ments will include convergence 

The visual world appears to be remarkably 
stable in view of the mobility of our heads 
Compensatory eye movements which provide 
correction for movements of the head, as long 
as these are not excessive, are controlled by 
the semicircular canals of the vestibular 
system These represent a fourth class of eye 
movements When movements of the head are 
extreme, such as is the case when the body is 
rotated continuously about a vertical axis 
passing through the head, eye movements re- 
sulting from stimulation of the semicircular 
canals may be maladaptive Oculovestibular 
nystagmus occurs with a relatively slow mo- 
tion of the eyes in the direction opposite that 
of rotation and a fast motion m the direction 
of rotation The slow phase is apparently con- 
trolled by the vestibular mechanism and is 
compensatory m nature When the eyes reach 
their anatomical limit, the fast phase of nys- 
tagmus serves to “reset” them for a subse- 
quent repetition of the slow phase Slow and 
fast phases of motion alternate as long as the 
eye is exposed to continuing angular accelera- 
tion The slow phase is initiated by the vestib- 
ular mechanism while the fast phase is appar- 
ently under control of the same system which 
is involved in saccadic movement While 
smooth pursuit movements can follow stimuli 
at a rate of up to only 30° /sec , the vestibular 
system can compensate for angular rotations of 
greater than 300° /sec This would seem more 
than adequate for most rotations of the head, 
but it is not sufficient for such extreme rates of 
rotation as those which may be undergone by a 
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figure skater executing a spin Rates of over a 
1000°/sec have been measured m these cir- 
cumstances 

Independence of the neural mechanisms 
involved in smooth pursuit movements and 
saccadic movements is illustrated by the dif- 
ferences in appropriate visual stimuli for their 
elicitation (Rashbass, 1961) The separation of 
the systems is further supported by the fact 
that they are influenced differentially by the 
use of barbiturates (Rashbass and Russell, 
1961) These drugs act on the smooth pursuit 
system before any influence can be detected 
on the saccadic system Similarly, vergence 
eye movements have been demonstrated to be 
distinct from conjugate movements (Rashbass 
and Westheimer, 1961) They, too, show differ- 
ential sensitivity to barbiturates (Westheimer 
and Rashbass, 1961) 

Each of the four systems for eye movement 
control converges upon the motor nuclei that 
innervate the extraocular muscles with re- 
sulting movements of the eyeball (Fig 8 95) 
Movements induced via the various systems 
are additive at this final common path 



CENTRAL NERVOUS SYSTEM INVOLVE- 
MENT IN EYE MOVEMENTS 

The Saccadic System. Saccadic move- 
ments of the eyes may be evoked by stimula- 
tion of Area 8 of the cortex, the frontal eye 
fields (Fig 8 96) Conjugate contralateral sac- 
cades are induced by a brief stimulus train in 
the unanaesthetized monkey (Robinson and 
Fuchs, 1969) These movements cannot be dis- 
tinguished from the animal’s spontaneous sac- 
cades Extent and direction of the motion 
appears to depend upon the region of the 
frontal eye fields stimulated Once threshold 
for the effect has been exceeded, the move- 
ments occur m an all or none fashion ranging 
from 2° to 60° in extent with amplitude as 
well as direction dependent upon stimulus lo- 
cation Experimental investigations of the re- 
sult of artificial stimulation of the frontal eye 
fields would appear to indicate that they are 
adequate for the control of all saccadic move- 
ment of the eyes Fibers from the area descend 
in the cortical bulbar tract to the pontine re- 
ticular formation 




Fig 8 95 The primate eye movement control system The types of eye movements controlled by the saccadic 
system are illustrated at a the smooth pursuit system at b the vergence system at c and the vestibular system at d 
Each system converges on the motor nuclei (mn) which inervate the extraocular muscles (eom) and move the eyeball 
Optic nerve on cupula c semicircular canal see (Robinson 1968) 
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Unfortunately, the attractive conclusion that 
saccadic movements are initiated by frontal 
eye fields is rendered difficult by the fact that 
recordings from single units m this area indi- 
cate that such units fire during the occurence 
of saccades rather than m advance of their 
occurrence (Bizzi, 1968, Bizzi and Schiller, 
1970) 

The Smooth Pursuit System. Smooth pur- 
suit movements are believed to depend upon 
information from Areas 17, 18, and 19 of the 
visual cortex (Fig 8 96), as well as from the 
superior colliculi Cells in these regions may 
provide information as to the direction and 
velocity of image movement on the retina (Ro- 
binson, 1968) The tegmental region is prob- 
ably also involved Velocity information from 
the cortex presumably joins information from 
the superior colliculi and the tegmental and 
pretectal regions in the corticotectal tract The 
role of the superior colliculi is somewhat m 
doubt, and it has been demonstrated that eye 
movements may occur in the absence of these 
structures (Pasik and Pasik, 1964) Goal di- 
rected movements of the eyes, i e , changes of 



nervous system CBT corticobulbar tract CER cere- 
bellum EOM extraocular muscles ICTT internal cor- 
ticotectal tract LG lateral geniculate body MLF medial 
longitudinal fasciculus MRF mesencephalic reticular 
formation, PRF pontine reticular formation PT, pretectal 
nuclei SC superior colliculi SCC semicircular canals 
T, tegmentum VN vestibular nuclei, II optic nerve. III 
IV VI, oculomotor trochlear and abducens nuclei and 
cranial nerves, T7 18 19 22 Brodmann s areas of oc- 
cipital and parietal visual and association areas, 8 Brod- 
mann's premotor area in the frontal lobes (Robinson 
1968) 


fixation to specific points m the visual field, 
may involve the superior colliculus Stimula- 
tion of specific points m the superior colliculus 
has been shown to result m eye movements of 
a highly specific sort (Apter, 1946) 

Vergence Movements. When cortical Areas 
19 and 22 are stimulated electrically in the 
lightly anesthetized monkey, vergence move- 
ments result Presumably, information m these 
cortical areas is transmitted via the internal 
corticotectal tract to the bram stem (Robinson, 
1968) 

The Vestibular System. Pathways involved 
in the mediation of ocular response to vestib- 
ular stimulation are perhaps the best known of 
all those involved in eye movement control 
Signals from vestibular nuceli are relayed 
along the medial longitudinal fasiculus to the 
appropriate motor nuclei and thence to the 
extraocular muscles Diverging pathways ex- 
tend to the pontine reticular formation and the 
cerebellum as well As mentioned above, the 
fast phase of vestibular nystagmus may be un- 
der control of those pathways which mediate 
saccadic movements In any case, the fast 
phase depends upon the brainstem between 
the vestibular and oculomotor nuclei 

Robinson (1968) has pointed out that the 
mesencephalic and pontine reticular formation 
are extremely important m eye movement 
control All four of the oculomotor subsystems 
illustrated in Figure 8 96 convey information 
to these formations, and it may be here that 
the final integration of activity m each of these 
systems is accomplished prior to the transmis- 
sion of signals to the final common path 

BASIC VISUAL FUNCTIONS 

The rich visual experience which our eyes 
afford us may be understood in terms of sev- 
eral fundamental response properties of the 
visual system One of the most primitive is the 
ability of the eye to discriminate differences m 
brightness This is a fundamental ability and 
may have been the primary function of evolu- 
tionary precursors of the complex vertebrate 
eye The vertebrate eye has the capability of 
differential brightness discrimination over the 
area of the retina This spatial discrimination 
capability is perhaps the most interesting and 
most important characteristic of the visual 
system Its utilization depends in large 
measure on the ability of the visual system to 
make temporal discriminations as well Very 
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rapid changes in the character of stimulation 
of a given point on the retina or of the whole 
pattern of stimulation of the retina may be fol- 
lowed without difficulty The interval in which 
the eye is capable of integrating energy from 
external sources of light represents a useful 
compromise The integrating capacity permits 
the utilization of lower flux levels for seeing 
On the other hand, if integration occurred over 
too long a period, the effect would be to blur 
the visual world as effects of one stimulus 
merged with those of another The integration 
interval is matched nicely with the rates of eye 
movement and the average duration of fixation 
on a given point in the visual world 
The range of illuminations over which the 
eye is capable of functioning is extremely 
great From the lowest threshold luminance to 
which the eye can respond to the maximum 
luminance which can be viewed without 
damage to the eye, there is a range of over 
1,000,000,000 to 1 Nevertheless, the eye does 
not function efficiently immediately when the 
illumination level is changed Although it is 
capable of adapting fairly rapidly from low 
levels to high levels, it requires a fairly long 
time interval to adapt from relatively high 
levels of illumination down to the lowest levels 
which can be detected In the latter case, a 
half an hour or longer may be required 
Another fundamental capability of the 
normal human eye is the differential discrimi- 
nation of light based on its wavelength compo- 
sition This is a function which involves the 
cones and relatively high levels of illumina- 
tion 

Finally, the eye has the ability to make spa- 
tial resolutions in depth as well as in the 
projections on the plane of the retina Of the 
variety of cues for the discrimination of depth, 
one of the most important is the disparity of 
the elements which are illuminated by corre- 
sponding parts of images on the two retinas by 
reason of the fact that the two eyes are sepa- 
rated in space as they view the three-dimen- 
sional world in which we live 

Fuiictioris Related to 
Brightness 

BRIGHTNESS DISCRIMINATION 

Innumerable experiments have been per- 
formed to ascertain the relations among the 
amount of light required for detection and the 


luminance of the background, the location of 
the light m the visual field, the size of its 
image on the retina, its temporal duration, and 
its spectral characteristic and the spectral 
characteristic of any background illumination 
which may be present as well as the condition 
of adaptation of the eye (Graham, 1965a) 
When the purpose is to determine the min- 
imum luminance which can be detected either 
against a dark background or an illuminated 
background, such experiments are classified as 
brightness discrimination experiments (Brown 
and Mueller, 1965) For the observer, the dis- 
crimination is always relative to the spatial or 
the temporal dimension A region of the visual 
field IS seen as brighter than its surround or a 
region of the visual field (perhaps the entire 
visual field) is observed to become brighter at 
some point in time relative to its previous 
appearance Such experiments may also be 
earned out with a decrement of luminance 
rather than an increment when a sustained 
adapting level of illumination is employed 
(e g , Herrick, 1956) 

The experiment reported earlier on the abso- 
lute minimum amount of light energy which 
can be detected (Hecht, et al , 1942) represents 
an extreme on the continuum of brightness 
discrimination experiments As the eye is 
adapted to higher and higher levels of illumi- 
nation, the luminance of an increment which 
can just be detected against such a background 
adaptation level increases m accordance with 
the function represented m Figure 8 97 It is 
evident that the required increment in retinal 
illumination increases at an increasing rate as 
the background luminance is increased Pre- 
sumably, there is some level of background il- 
lumination sufficiently high that no additional 
increment can be discriminated against it 
Such a background level would completely 
saturate the visual system 

The data m Figure 8 97 represent the test 
intensity required for the detection of a light 
against a background adapting intensity for a 
human observer and in the retina of the 
monkey Data from the retina of the monkey 
are based on a selected criterion response level 
of the late receptor potential (Brown, 1968), 
this is recorded with a tiny electrode inserted 
into the retina at an appropriate depth to pro- 
vide an index of the activities of the receptors 
themselves The similarity between the two 
functions is rather striking It suggests that the 
form of the intensity discrimination response 
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function may be determined in the receptors 
themselves It should be recognized, however, 
that the late receptor potential as recorded 
represents the activity of many receptors It is 
undoubtedly also influenced by interactions 
which occur as a result of connections of the 
horizontal cells The function which represents 
the data for the monkey retina in Figure 8 97 
must therefore be recognized as representative 
of the retina but perhaps not exclusively of the 
receptors themselves When the eye is adapted 
to a higher luminance, a significantly higher 
test stimulus is required for detection For any 
given level of adaptation the nature of the re- 
sponse at the retina is remarkably similar to 
that at other adapting luminances In Figure 
8 98, the response m terms of percentage of the 
maximum late receptor potential is plotted as 
a function of the test intensity for each of six 
conditions of adaptation The functions, with 
the exception of that for dark adaptation, are 
remarkably similar and are simply shifted to 
higher ranges of test intensity with increase in 
the level of the adapting intensity (Boynton 
and Whitten, 1970) The range of response of 
the system thus remains approximately the 
same for any condition of adaptation, but as 
the adapting conditions are elevated, there is 
an expansion of the range of luminances over 
which gradations in response may be obtained 
The “gam” of the system is thus reduced as 
higher levels of background luminance are 
encountered and this occurs m the early proc- 
esses which take place within the retina itself 
This kind of process is undoubtedly involved 
m the ability of the eye to function over an 
intensity range of greater than 10^ 1 



Fig 8 97 Log of threshold retinal illumination (tro- 
lands) as a function of the adapting level The solid points 
represent a 10 /uv criterion response level of the late 
receptor potential of a monkey The open circles are based 
on human foveal thresholds measured with the same 
apparatus (Boynton and Whitten 1970) 



Fig 8 98 Late receptor potential amplitude (percent 
of maximum) as a function of test flash intensity for each 
of five adaptation intensities and for dark adaptation 
Average values for six monkeys (Boynton and Whittei 
1970) 

DARK ADAPTATION 

There are important changes which occur 
within the visual system when illumination is 
reduced from daylight levels to very low levels 
before it is possible for even the crude low 
luminance or “scotopic” vision to become op- 
timum The process of “dark adaptation” re- 
quires a half an hour or longer after an abrupt 
transition from a high illumination sur- 
rounding to one of relative darkness (Bartlett, 
1965b) In Figure 8 99, the minimum amount of 
light which can just be detected is represented 
on the ordinate and time in the dark is repre- 
sented on the abscissa The ordinate axis is 
plotted on a logarithmic scale, thus greatly 
amplifying the lower portion of this relation- 
ship For a period of from 8 to 12 mm after a 
high luminance adapting field has been re- 
moved, the threshold value at first reduces 
rapidly and then the rate of reduction in 
threshold is slowed, reaching a minimum at 
about 10 mm A little later there is a subse- 
quent additional reduction in threshold which 
again occurs at a decreasing rate and ap- 
proaches a minimum at some time after 30 
mm in the dark 

For various reasons, the higher threshold 
portion of the curve in Figure 8 99 has been 
associated with the cones and the lower 
threshold portion has been associated with 
rods In the first place, when a small test stim- 
ulus is employed which is restricted to the 
fovea, two branches are not obtained In the 
second place, if a red test light is used for 
which the rods are no more sensitive than the 
cones, the second branch of the curve does not 
appear, even though the test light may be pre- 
sented to a region of the retina which is rich in 
rods If a subject m a dark adaptation experi- 
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merit is asked to identify the color of a test 
flash, he is able to do so during most of the 
tune for the first 8 or 10 mm of dark adapta- 
tion, corresponding to the initial segment of 
the curve in Figure 8 99, but is unable to do so 
unless the test light is restricted to extremely 
long wavelengths at later times during dark 
adaptation Thus, color discrimination is ap- 
proximately associated with the “cone” por- 
tion of the curve and the inability to discrimi- 
nate color IS associated with the “rod” portion 
of the curve 

It was believed for many years that the time 
course of dark adaptation could be understood 
in terms of the time required for regeneration 
of the photopigments of the visual receptors 
which are bleached by any high level adapting 
light (Hecht, 1937) The time course of dark 
adaptation certainly is associated with the re- 
generation of photopigments, but the level of 
threshold cannot be explained directly in 
terms of the concentration of photopigment 
present or the quantum catching capability of 
the retinal pigments It has been demonstrated 
fairly conclusively (Rushton, 1962) that the 
threshold is still very much elevated even after 
90% of the photosensitive material has been 
regenerated following bleaching of substantial 
percentages of the photopigment 

The time course of dark adaptation, as sug- 
gested above, is greatly influenced by the 
testing procedures employed This is illus- 
trated in Figure 8 100, which shows three dif- 
ferent dark adaptation curves obtained with 
each of two test field sizes in two different ret- 



F«g 8 99 The time course of reduction in a light de- 
tection threshold during dark adaptation The initial branch 
of the curve is associated with photopic vision and is at- 
tributed to cone function The later branch is often called 
the scotopic branch and is associated with rod function 



fig 8 100 Dark adaptation curves measured for two 
test field areas and two retinal locations Results are 
presented for each of two subjects for each of the three 
conditions The upper functions represent a very small 
test spot centered on the fovea or located 8° from the 
fovea The lower functions represent a large test area 
centered 8° from the fovea The larger drop as compared 
on a logarithmic axis of the late branch of the function 
for the large test area with the smaller test area in the 
periphery indicates a larger relative change in threshold 
with the large test area This suggests a spatial summa- 
tion effect which is developing during the time interval 
represented by the function (Arden and Weale 1954 ) 

inal regions (Arden and Weale, 1954) When a 
small test field is confined to the foveal center 
of the eye, a single function is obtained which 
shows the reduction in threshold at a de- 
creasing rate with time If the same small test 
field is presented at a location 8° away from 
the foveal center, a curve of a different sort is 
obtained There is an initial function showing 
reduction in threshold at a decreasing rate fol- 
lowed by a subsequent similar function which 
carries threshold down to a lower level which. 
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in fact, corresponds fairly closely with the final 
level reached in the fovea If a substantially 
larger test field is employed centered on a 
point 8° away from the fovea, again a curve of 
two branches is obtained, but the function is 
displaced downward The initial branch is very 
similar to that obtained with a small test field 
although displaced downward on the threshold 
axis The later branch, however, is much 
steeper than that obtained with the small test 
field Here, as m Figure 8 99, threshold is pre- 
sented on a logarithmic axis The significance 
of this IS that a given distance along the 
threshold axis represents relative amount of 
change quite independent of the location along 
the axis Thus, there is a relatively much 
greater amount of change in threshold in the 
same time interval for the later branch of the 
dark adaptation curve when a large test field is 
employed The function can thus hardly be 
described as exclusively dependent upon the 
regeneration of photopigment Relative change 
in threshold would be uninfluenced by such a 
variable as test field size if the sole determi- 
nant of threshold were the relative amount of 
photopigment available The much steeper 
“rod” branch for the larger test field m the 
periphery can most probably be explained in 
terms of some sort of increased capability of 
the eye to summate stimulus energy over area 
during dark adaptation There are other evi- 
dences for such a change in addition to the 
data presented m Figure 8 100 Direct tests of 
the ability of the eye to summate stimulus 
energy over area show that this can be accom- 
plished to a greater degree in the dark -adapted 
as compared with the light-adapted state (Bar- 
tlett, 1965b) 

The data of Figures 8 99 and 8 100 show that 
when the eye is placed in darkness it becomes 
more sensitive by a factor of 1,000,000 1 or 
greater as it remains in darkness for up to 30 
mm or longer This has been attributed, as 
suggested above, to increased ability of the 
retina to summate energy over area There are, 
in fact, three mechanisms involved, but the 
increased areal summation capability is prob- 
ably the most important First, when the eye is 
placed in darkness, there is an increase in the 
size of the pupil The pupil may expand m 
diameter from a minimum of little more than 
2 mm to a maximum of something in excess 
of 8 mm. This represents a range of change in 
area by a factor of 16 1 To that extent, the 


eye has become capable of gathering light 
more effectively from any given external light 
source, but the increase in effectiveness is 
hardly sufficient to explain the tremendous 
range of change which accompanies dark adap- 
tation Secondly, the bleached photopigments 
do regenerate, but as Rushton has shown, the 
logarithm of change m threshold is more 
nearly proportional to the change m concentra- 
tion of photosensitive material than is the 
change in threshold itself The tremendous 
range of change during adaptation is most 
readily explained in terms of changes m ret- 
inal organization which permit increased 
summation of energy over area and time as 
well as to some mechanism which increases 
the responsiveness or “gam” of the system at 
very low levels of illumination (see below) 
Such a mechanism is implied by the parallel 
functions of Figure 8 98 From these it is clear 
that much smaller ranges of change in stim- 
ulus energy result in the same range of change 
m response m the retina when the eye is 
adapted to very low luminances There is a 
variety of theories as to the precise mecha- 
nisms involved (Barlow, 1964, Dowling, 1967, 
1970) 

Barlow has suggested that the mechanism of 
dark adaptation may involve the gradual sub- 
siding of a retinal noise level which is the re- 
sult of photic stimulation According to his 
interpretation, following termination of a light 
stimulus, the receptors themselves maintain 
some level of activity which is reduced only 
gradually Dowling has shown that the B-wave 
of the electroretmogram shows a relation to 
increased background luminance which is sim- 
ilar to that shown by the activity of retinal 
ganglion cells The ganglion cells in turn are 
excited by the bipolar cells either directly or 
via amacrme cells Dowling therefore specu- 
lated that the adaptation process may involve 
some kind of inhibitory feedback of amacrme 
cells on bipolar cells which serves to reduce 
the gam of the system at high levels of illumi- 
nation More recently (1970) he has shown that 
the B-wave of the electroretmogram as meas- 
ured in a gross retinal response is most nearly 
duplicated by the response of glial cells when 
the response characteristics of individual com- 
ponents in the retinal complex are compared 

It should be evident that the precise mecha- 
nisms which underlie the adaptability of the 
visual system to such a broad range of condi- 
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tions of illumination are as yet unknown It 
has been clearly demonstrated, however, that 
with increasing dark adaptation there is in- 
creased spatial and temporal summation at 
the retinal level These changes permit more 
efficient utilization of small quantities of en- 
ergy They occur at the expense of both spatial 
and temporal resolving power of the eye as 
discussed further, below 
There are certain misconceptions concerning 
the effect on vision of adaptation to very low 
luminances The increased temporal and spa- 
tial summation capabilities permit detection 
and utilization of low light levels They do not 
preclude fine spatial and temporal resolution if 
sufficient light is presented to the eye when it 
IS in a dark-adapted state That is, the dark- 
adapted eye is capable of just as high a level of 
spatial or temporal acuity as is the light- 
adapted eye, given sufficient luminance to 
work with Of course, if the necessary lumi- 
nance remains available for any length of time, 
then the state of adaptation is changed from 
one of dark adaptation to some level of light 
adaptation Nonetheless, fine spatial detail can 


be discriminated quite well m a very brief 
flash of sufficient luminance presented to the 
dark-adapted eye (Brown et al , 1953) This is 
illustrated m Figure 8 101, which shows the 
time course of dark adaptation measured with 
the presentation of brief test flashes for a va- 
riety of visual tasks If the eye is required 
merely to detect the presence of a light, then 
the lowest curve is obtained If the eye is re- 
quired to identify the orientation of a line pat- 
tern in the test flash, then the progressively 
higher curves are obtained with the finest line 
pattern resulting in the highest of the curves 
It IS evident that for a line pattern which rep- 
resents a sufficiently small image size on the 
retina, there is no late rod branch of the dark 
adaptation curve Clearly, the rods are unable 
to make a contribution in a visual task of this 
sort and the function is performed by the 
cones The dark adaptation of the eye, how- 
ever, does not interfere with the identification 
of fine patterns It might be supposed that the 
increased sensitivity of the rod receptors which 
are themselves incapable of resolving fine de- 
tail might somehow interfere with the resolu- 
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Pig 8 101 Luminance thresholds for the resolution of acuity gratings during dark adaptation for each of two ob- 
servers The number beside each curve refers to the level of acuity (reciprocal of the visual angle subtended by a grating 
line) The bottom curve represents simple detection of light with no grating present (Brown et al 1953) 
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tion of such fine detail by the cones This 
would be reflected by an elevation in the later 
portion of the highest curves in Figure 8 101, 
but no such elevation is observed (Brown et 
al , 1969) 

LIGHT ADAPTATION 

Just as the eye adjusts when the visual envi- 
ronment is darkened, so does it also adjust 
when the environment is made brighter The 
nature of the response is similar, as illustrated 
in Figure 8 98, when it is considered on a log 
log plot, but, as mentioned earlier, this implies 
a reduction in the gam of the system A given 
amount of change in response requires a pro- 
portionately greater change in the level of 
stimulation when the adapting level is raised 
We have seen that it may require more than 30 
min for the eye to achieve maximum sensi- 
tivity in darkness after it has been exposed to 
a bright adapting light The time course of 
adaptation to a lighter environment is usually 
much more rapid Under most circumstances, 
light adaptation is complete in from 3 to 5 
min , and the eye adjusts to a relatively steady 
state condition of responsiveness within that 
time 

The time course of light adaptation has been 
measured in a variety of ways Early measure- 
ments were performed by exposing the eye to 
an adapting light after it had been completely 
dark adapted and then determining its sensi- 
tivity by turning off the adapting light and 
quickly presenting a test light (Wald and 
Clark, 1937) Thus, a given adapting lumi- 
nance would be selected, the dark-adapted eye 
would then be exposed to this luminance for a 
short duration, the luminance would be extin- 
guished and at some fixed time very soon after 
it was extinguished a test flash would be pre- 
sented for the measurement of threshold This 
process would have to be repeated time and 
again with variation m the level of test flash m 
order to determine a threshold, and again and 
again for greater and greater durations of light 
adaptation The results of such studies indi- 
cated that with increased duration of exposure 
to an adapting light, there is an increase m the 
threshold for detection of subsequent test light 
as adapting exposures increase up to 3 to 5 
min and sometimes much longer The process 
has been attributed to a decrease in the avail- 
able photosensitive materials of the retina 
which continues in time until the rate of re- 


generation of photosensitive materials sustains 
a relatively constant and, of course, somewhat 
lower concentration of photopigments corre- 
sponding to the higher level of light adaptation 
employed 

There is more to light adaptation than a 
change in the average concentration of photo- 
sensitive materials, however Light adaptation 
may be measured in a somewhat different 
fashion which gives very much different re- 
sults In the alternative method, a test flash is 
presented against the light adapting field 
which IS left on The test is thus one of the 
ability of the eye to discriminate an increment 
in brightness against the adapting luminance 
The method is somewhat easier in that test 
flashes may be presented at various intervals 
during the entire time course of the light adap- 
tation process On subsequent exposures to the 
adapting light, slightly higher luminances may 
be used at a given time when the observer was 
unable to detect the test flash and lower lumi- 
nances may be employed when the test flash 
was visible By repeating the process, it is pos- 
sible to obtain a measure of threshold for the 
increment, or test light as a function of dura- 
tion of the adapting light (Crawford, 1947, 
Baker, 1949) The results of an experiment 
performed in this way are presented in Figure 
8 102 The function is not a simple one and 
requires some explanation In the first place, it 
IS important to point out that the experi- 
menter has begun by presenting the test flash 
in advance of the time at which the light 
adapting field is turned on This is done in 
order to provide a baseline level of response in 
the dark -adapted state A very interesting re- 
sult of this procedure is the finding that the 
threshold for detection of the test light begins 
to be elevated when the test light is presented 
about 50 msec prior to the presentation of the 
adapting light Test flash threshold increases 
rapidly to a maximum at about the time the 
adapting light is turned on and then reduces in 
value for a brief interval prior to rising again 
and reaching a final level which is typical of 
the specific adapting luminance employed 
after about 10 min of light adaptation This 
result may at first seem mysterious in that it 
appears that the visual system is somehow 
able to anticipate the occurrence of a stimulus 
which has not yet been presented This ap- 
parent anachronism can readily be understood 
when we consider that the temporal dimension 
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m Figure 8 102 is determined by timing de- 
vices in the iaboratory On the other hand, the 
actual detection of the test flash is determined 
within the nervous system Clearly, within the 
nervous system, influences on a test flash are 
occurring as the result of the presentation of 
an adapting light which illuminates the retina 
as much as 50 msec after the presentation of 
the test flash The significant factor is that the 
detection of a flash does not occur at the 
retina The detection on the part of a con- 
scious observer, as evidenced by his reporting 
that he sees the flash, probably occurs some- 
where in the cortex The relatively low lumi- 
nance of the test flash initiates a senes of 
events which occupy a finite time interval 
prior to any detection and that time interval is 
longer than the time interval required for ef- 
fects of the adapting flash to influence the 
same point in the nervous system The latter 
influence serves to elevate the measured 
threshold for the test flash 
The initial presentation of an adapting light 
obviously has a significant, albeit transient, 
effect on sensitivity to a test light This effect 
IS attributed to neural events m the retina 
Abrupt elevation of retinal illumination prob- 
ably results in a level of neural activity consid- 
erably in excess of that which corresponds to 
the state of affairs after the adapting light has 



of Adapting Light 

Fig 8102 The time course of light adaptation as 
measured by an increment threshold technique Test 
flash thresholds are measured beginning at a time in ad- 
vance of the actual presentation of the adapting light 
and continuing out to approximately 15 mm (A hypo- 
thetical reconstruction based on the data of Crawford 
1947 and Baker 1949) 


been on for some time Thus, the system 
cannot handle increment information as effi- 
ciently immediately after exposure to an 
adapting light as it can after the light has been 
on for a time The slower rise of threshold for 
the test light which follows the initial rapid 
elevation and subsequent decline is attributed 
to the more gradual change m photochemical 
balance within the retina 

If dark adaptation experiments are per- 
formed with a test flash which is presented 
against the adapting field prior to the begin- 
ning of dark adaptation a result similar to that 
reported above for the initial stage of light 
adaptation is found to occur (Baker, 1953) 
There is an elevation in threshold for the test 
flash which must be attributed to the abrupt 
change in the level of illumination of the 
retina with a consequent neural effect which 
temporarily reduces the ability of the system 
to handle other additional information This 
phenomenon is illustrated in Figure 8 103 

Discrimiriations Related to 
Space or Time 

SPATIAL RESOLUTION 
OF THE VISUAL SYSTEM 

As mentioned earlier, one of the most im- 
portant functions of vision is to provide infor- 
mation as to the relative location and identity 
of objects in the visual world The retina is 
extended m space and receives information 
which differs over its surface in correspond- 
ence to the way in which light from objects in 
the visual world differs spatially There are 
millions of individual receptor cells distributed 
over the retinal surface Images of objects m 
the visual world are distributed over arrays of 
these cells and the cells then somehow 
transmit information which the central 
nervous system is capable of employing for 
identification of the objects To the conscious 
observer, there is no complex processing of 
mformation required at the conscious level, he 
immediately apprehends the fact that an ob- 
ject is present and its identy. What he ‘"sees” 
is for him the ‘Teal object” and not some 
coded neurological process which he must 
strive to decode 

One of the puzzling things about this process 
IS the fact that the visual image quality for the 
normal observer is better than one might pre- 
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diet If the aberrations of the optical elements 
of the eye and the size of the receptor cells are 
considered, the clarity of vision seems better 
than it should be Actually, interaction proc- 
esses within the retina which have been con- 
sidered above tend to sharpen the process of 
spatial discrimination and there is not a 
simple spatial discrimination system based on 
a point to point correspondence between dif- 
ferences in the level of stimulation of adjacent 
receptors in the retina and differences in level 
of excitation of corresponding neurons some- 
where higher m the nervous system 
Visual Acuity In the case of vision, the 
term acuity is reserved to refer to spatial reso- 
lution capability Visual acuity is formally de- 
fined as the reciprocal of the minimum visual 
angle in minutes subtended at the eye by an 
object m space which can be resolved by the 
visual system Visual acuity is not an invariant 
quantity for a given eye or even under a given 
level of illumination, it depends importantly 
upon the way in which it is measured 

The simplest form of visual acuity is the so- 
called minimum detectable visual acuity. This 
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Fig 8103 Early dark adaptation at 5° from the 
fovea The adapting field is turned off at time 0 Test 
flash threshold measurements begin 400 msec prior to 
the termination of the adapting light and are continued 
out to 2 sec after termination of the adapting light (From 
Baker, 1 963 ) 


is the discrimination of a small dark spot 
against a lighter background, or a dark line 
against a contrasting background Under ideal 
conditions, the finest line which can be re- 
solved subtends a visual angle of less than 1 
sec of arc This represents a visual acuity by 
the definition given above of greater than 60 
The diameter of a dark spot against a lighter 
background must be somewhat greater then 
the width of a dark line in order to be discrim- 
inated 

It is meaningless to attempt to associate a 
visual acuity value with a light spot or a light 
line against a dark background Detectability 
of such a spot or line depends entirely upon 
the relative luminous flux coming from the 
line or spot as compared to the background 
Easily detectable stars are so far away that the 
visual angles which they subtend at the eye are 
effectively zero There is sufficient light ema- 
nating from them, however, that they can 
readily be perceived If visual acuity were asso- 
ciated with them by the above definition, it 
would be infinite in value, hence the concept 
is meaningless under these circumstances 

Another form of visual acuity which is some- 
what more complex is sometimes referred to as 
the minimum separable visual acuity This 
refers to the ability of the eye to discriminate a 
separation between two points of stimulation 
This might be referred to two dark spots 
against a lighter background, or to two light 
spots against a dark background In this case, 
it IS perfectly valid to consider light against 
dark and the identification of a separation 
between two light spots is clearly dependent 
upon spatial discrimination 

Visual acuity measurements made clinically 
may depend upon a test of the minimum sepa- 
rable threshold The Landolt ring is a com- 
monly used target on charts for the measure- 
ment of acuity (Fig 8 104J5) The gap in the 
ring IS positioned at random from one ring to 
the next on a given chart and the patient must 
identify the location of the gap The smallest 
rmg size for which the gap can be correctly 
located determines the visual acuity with this 
test For the normal observer, the width of the 
gap subtends a visual angle of approximately 1 
mm of arc at the standard measuring distance 
of 20 ft Normal visual acuity for such a target 
IS therefore one It is more often expressed in 
relation to the distance at which it can be cor- 
rectly detected for a given observer m relation 
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Fig 8 104 A Representative letters as used in a 
Snellen chart for the testing of visual acuity The lines 
and serifs of the letters are one fifth the height or width 
of the entire letter B Landolt ring test symbols The 
thickness of the line and the width of the gap are both 
one-fifth of the outer diameter of the ring (Riggs 1 965b ) 


to a normal population Thus, an acuity of 
20/200 implies that a given individual can re- 
solve a test figure at a distance of 20 ft which 
the normal observer could resolve at 200 ft 
This represents a severe defect A visual acuity 
of 20/10 indicates that an observer can resolve 
a test pattern at 20 ft which the normal ob- 
server must view at a distance of 10 ft in 
order to resolve it 

When visual acuity is tested with Snellen 
letter charts (Fig 8 1044), the procedure is 
very much the same The sizes of those ele- 
ments which permit discrimination of the let- 
ters determine their visibility and visual acuity 
IS calculated from the sizes of these elements 
for those letters which can just be resolved at 
the normal distance of 20 ft Again, a visual 
acuity of one, corresponding to a visual angle 
subtended by elements of detail of approxi- 
mately 1 min of arc, is the norm Acuity is 
expressed as the distance at which the patient 
can identify the letters in a given line relative 
to the distance at which a “normal” observer 
can discriminate the same letters 

Visual acuity is sometimes measured with a 
grating test pattern Such a pattern consists of 
parallel lines and spaces with lines equal in 
width to the spaces between them The grating 
pattern may illuminate a circular patch and 
may be changed in orientation so that the lines 
are vertical, horizontal, or oblique The ob- 
server IS required to identify their orientation 
One advantage of such a target pattern over 
individual letters is the fact that the relative 
illumination in the retinal image is always 
precisely the same Only the orientation of the 


lines IS altered Here again, the normal value is 
very close to 1 mm of arc for the angle sub- 
tended by the width of a single line or a single 
space at the eye 

The level of visual acuity of which the eye is 
capable is very much limited by the level of 
illumination available The higher the level of 
illumination, the higher the visual acuity up to 
a limiting value for a particular type of target 
(Shlaer, 1937) In Figure 8 105, visual acuity is 
seen to increase monotomcally with increase in 
the logarithm of retinal illuminance up to a 
hmiting value Results are presented for one 
observer with a Landolt C as a target and for 
two observers with a grating as a target The 
curves are quite different for the two different 
targets Acuity begins to rise rapidly at a lower 
luminance for the grating, but the maximum 
level reached is higher for the Landolt C 
These results demonstrate a very important 
point Many of our indices of visual function, 
such as visual acuity, are highly dependent 
upon the specific measuring technique em- 
ployed- It is incorrect to think of these indices 
as representative of some invariant quantity 
which is independent of the procedures em- 
ployed in its measurement 

There is a significant difference between the 
use of letters and the use of gratings or Lan- 
dolt rings In the case of the latter two, the 
nature of the figure is known The task is one 
of identifying the location of a character of the 

o Grating, subject AMC 



Fig 8 105 Vtsuaf acuity as a function of the logarithm 
of retinal illuminance in trolands for the resolution of a 
grating test object and the identification of the orienta- 
tion of a Landolt ring test object Note the more rapid 
initial rise in acuity with increasing luminance for the 
grating but the higher final level of acuity for the Landolt 
ring (Shlaer 1 937 ) 
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figure which the observer knows to be there at 
the outset In the case of a letter, the task is 
one of identification of a given test figure from 
among a number of possibilities, 26 if the en- 
tire alphabet is employed Identification when 
many possible alternatives exist is somewhat 
more difficult than the detection of a gap in a 
ring or orientation of the lines of a grating 
This is true, at least, when the number of al- 
ternatives IS relatively large 

Form Discrimination The ability of the 
visual system to aid in the identification of 
one object out of a number of alternative possi- 
bilities IS perhaps even more interesting than 
the fineness of detail in the image on the 
retina which may be discriminated Obviously, 
the fineness of visual detail which can be dis- 
criminated is an important characteristic of 
the visual system in relation to its ability to 
discriminate form and recognize objects, but 
the way in which the visual system serves in 
the correct identification of a given letter is 
quite impressive, even when the size of the 
image of the letter on the retina is relatively 
large In this instance, we assume that the 
basis for discrimination is more dependent on 
cortical process than on the retinal process 
We have already seen that there is not a 
point-to-point correspondence between indi- 
vidual cells of the retina and individual cells 
or groups of cells within the brain Rather, the 
nature of the signals transmitted by the mil- 
lion odd fibers of each optic tract is influenced 
by interactions between elements within the 
retina Numbers of receptive cells in the retina 
in a roughly circular array are included in the 
receptive field of a given ganglion cell Fibers 
from ganglion cells terminate on cells of the 
lateral geniculate body and the axonal proc- 
esses from these terminate on cells of the 
cortex Many of the radiations from the geni- 
culate body may terminate on a single cortical 
cell and there is evidence that the receptive 
fields m the retina sissociated with many of 
these radiation fibers are arrayed along 
straight lines There are thus cells within the 
cortex which respond essentially to line ele- 
ments of stimulation within the retina It is 
possible that the discrimination of form, at 
least in its early cortical stages, depends upon 
the excitation of sets of such line element de- 
tector cells The matter is still one for specula- 
tion, but, as we have seen, there is evidence 
that connections to line element detector cells 


of the cortex which may exist in the newborn 
are somehow lost if one eye of a newborn 
kitten is occluded at birth and remains un- 
stimulated by spatially varying patterns of 
light until beyond the 3rd month of life Along 
with this neurophysiological change, there is a 
degeneration of the visual process such that 
complex form can no longer ever be discrimi- 
nated by the eye which was covered during the 
first 3 months of life 

The discovery of cortical cells which respond 
to line elements of stimulation has prompted 
the study of a variety of effects which result 
from prolonged exposure of the human eye to 
line patterns of stimulation The threshold for 
detection of a grating pattern is influenced b> 
pre-exposure to a grating pattern with its lines 
oriented in the same way If an observer looks 
fixedly at a vertical line pattern, it will have 
no effect on the subsequent threshold for de- 
tection of a horizontal line pattern but ma> 
elevate the luminance required for detection of 
a subsequently presented vertical line pattern 
or decrease the probability of correct identifi- 
cation of such a pattern at a given luminance 
level (Campbell and Kulikowski, 1966, Gilin- 
sky, 1968) The effect can be observed with 
adaptation of one eye and testing of the other, 
suggesting that the site is in the cortex (Blake- 
more and Campbell, 1969, Gilinsky and Doh 
erty, 1969) 

Spatial Modulation Transfer Function. It 

has been found useful to specify the character- 
istics of optical systems in terms of a spatial 
modulation transfer function The modulation 
transfer function provides a statement of the 
range of sinusoidal frequencies which can be 
transmitted by the system and the extent to 
which amplitude at any given frequency is at- 
tenuated by the system A spatial modulation 
transfer function deals with sinusoidal wave- 
forms distributed m space rather than in time 
Thus, a pattern of vertical bands which repre- 
sent a sinusoidal variation m brightness from 
left to right at a given frequency and with a 
given amplitude of brightness difference be- 
tween maximum and minimum values may be 
imaged by an optical system on some remote 
surface Measurements can then be made of 
the extent to which the amplitude of the 
brightness is reduced as a result of using the 
optical system Obviously, if the spatial fre- 
quency is very high, i e , the lines of the pat- 
tern are very fine and closely compressed, the 
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optical system may be unable to resolve the 
lines at all and the image will consist of homo- 
geneous illumination At the other extreme, if 
the spatial frequency is too low, limitations on 
the spatial extent of the optical system or of 
the minimum rate of change in brightness over 
space which can be detected may prevent the 
transmission of any information about the low 
frequency change in brightness For systems 
where it is legitimate to consider complex spa- 
tial detail as composed of simple sinusoidal 
components in a given spatial dimension, such 
a specification may be very useful It will 
permit the prediction of the precision with 
which a given spatial distribution of illumina- 
tion m an object may be rendered in the 
image by the optical system Systems for 
which this IS true are said to be linear 
The technique has been applied to the visual 
system, including those physiological processes 
which intervene between the retina and con- 
scious discrimination of visual patterns as well 
as the optical elements of the eye It is not 
possible to measure the amplitude of some 
image of a line pattern in consciousness 
Therefore an alternative approach has been 
employed m which amplitude of the brightness 
difference between maximum and minimum 
points in the object is adjusted for threshold 
discrimination of the presence of the line pat- 
tern (Schade, 1956, Westheimer, 1960, De- 
Palma and Lowry, 1962) It is assumed that at 
threshold the visual effect is a constant The 
greater the amplitude of the brightness in the 
pattern at which threshold is reached, the less 
sensitive is the system at that frequency 
Thus, the reciprocal of the amplitude of the 
brightness in the pattern which corresponds to 
threshold provides a measure of the sensitivity 
of the visual system Several functions which 
illustrate the reciprocal of amplitude at 
threshold for a range of spatial frequencies are 
presented in Figure 8 106 There is reasonable 
agreement among three of the four functions 
presented for the high frequency cut-off por- 
tion of the curves Unfortunately, with in- 
creased deviation from threshold the visual 
system can no longer legitimately be treated as 
a linear system and therefore the utility of the 
functions illustrated m Figure 8 106 is limited 
The overall luminance level of a pattern is an 
extremely important variable and the high fre- 
quency cut-off IS reduced with a decrease in 
average luminance Reduced luminance is also 



Fig 8 106 Normalized spatial modulation transfer 
functions for the visual system based on the data of four 
different experiments Sine- wave response function is re- 
lated to the reciprocal of the modulation amplitude of the 
spatially varying sine- wave (Brown and Mueller 1965 ) 

accompanied by adaptation of the eye to a 
lower level and also by a reduction in the max- 
imum possible physical modulation amplitude 
of the stimulus 

In spite of its limited value, the spatial 
modulation transfer function of the visual 
system has given rise to some interesting 
speculations As mentioned above, recent 
studies of the adaptation of the eye to line 
patterns of a given orientation have indicated 
that there is a selective elevation of threshold 
for lines of the same orientation subsequently 
viewed (Campbell and Kulikowski, 1966, Gilin- 
sky, 1968) The effect is to some extent limited 
to patterns of comparable spatial frequency 
(Blakemore and Sutton, 1969) Adaptation to a 
grating pattern will elevate subsequent thresh- 
olds for resolution of grating patterns of similar 
orientations and frequencies which do not 
differ by more than an octave from the fre- 
quency of the adapting pattern (Blakemore and 
Campbell, 1969). This kind of adaptation is 
direction-sensitive and shows mterocular 
transfer That is, if the adapting stimulus is 
presented to one eye, the subsequent effect 
may be observed with the other eye The direc- 
tional sensitivity suggests the possibility that 
line element detectors in the cortex are in- 
volved and the mterocular transfer capability 
of the effect provides further support for the 
conclusion that it is indeed cortical The possi- 
bility has been considered that there are spe- 
cific neural systems for limited spatial fre- 
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quency ranges (Campbell, Nachmias, and 
Jukes, 1970) 

So far, we have only begun to understand 
the basic visual functions which underlie such 
a process as complex as form discrimination It 
is now clear that aspects of visual information 
such as line elements and their orientation, 
motion (Baumgartner et al , 1964) and degree of 
visual disparity (Barlow et al , 1967) aie “en- 
coded” by specific cortical cells That is, cer- 
tain cells seem to respond specifically and 
with a high degree of selectivity to such as- 
pects of visual stimulation At the moment, 
such ideas are purely speculative, but it seems 
reasonable to suppose that higher order cells or 
assemblies of cells may become associated 
with such complex visual information as the 
identity of a face 

Regis tratioB of Complex Spatial Informa- 
tion The capacity of the human observer to 
register information which is received visually 
seems to be almost beyond measure In a re- 
cent series of experiments (Haber, 1970) it was 
demonstrated that complex photographs num- 
bering in the thousands, which had been seen 
for only a brief exposure, could later be identi- 
fied with an accuracy well over 90% correct 
from among other very similar photographs 
which had never been seen before This is true 
even when the photographs seen earlier are 
projected with a left-to-right reversal of the 
image Somehow, cortical centers associated 
with the processing of visual information are 
able to register and identify an incredibly large 
number of extremely complex spatial distribu- 
tions which are detected visually 

There is some limited evidence (Luna, 1970) 
that visual information in the form of printed 
words may be remembered less efficiently The 
nature of cortical processing of language is 
involved with the reading of printed material 
and difficulties in reading may be associated 
with dysfunctions of cortical regions which 
play no role in the perception of visual infor- 
mation that IS not associated with language 
Understanding of these phenomena is still very 
limited It IS important to recognize, however, 
that there are many complications associated 
with the visual discrimination of form and vis- 
ually presented information when we are 
dealing with situations only a little more com- 
plicated than those treated in fundamental 
studies of the spatial resolution capabilities of 
the visual system. 


TEMPORAL DISCRIMINATION CAPABILITY 
OF THE VISUAL SYSTEM 

Flicker Fusion Frequency. One of the 
oldest ways of studying temporal resolution 
capability of the eye has been the technique of 
presenting a series of flashes to the eye and 
determining the rate of flash presentation at 
which the stimulation appears to fuse and is 
seen as a steady light This is known as the 
flicker-fusion frequency or critical frequency of 
fusion (Brown, 1965b) The results of such a 
study are presented in Figure 8 107 This 
shows the critical frequency as a function of 
the logarithm of retinal illuminance (Hecht and 
Vemjp, 1933) Except at very high luminances, 
there is a tendency for the frequency of fusion 
to increase as retinal illuminance increases 
That IS, the eye is better able to resolve tem- 
poral discontinuities with brighter stimuli 
Although it might seem more “reasonable” for 
a brighter light to be more persistent, this is 
obviously not the case We have already 
learned that the critical duration of the eye is 
shorter the higher the level of adaptation of 
the observer 

The nearly linear relation over a range of 
approximately 4 log units between critical fu- 
sion frequency and the logarithm of retinal il- 
luminance represents a relation which has 
been called the “Ferry-Porter Law ” It is really 
not a law in that it does not always apply, but 
it IS a reasonable approximation of the be- 
havior of the visual system for flickering 
stimuli m a number of circumstances The two 
other curves in Figure 8 107 show critical fu- 
sion frequency for regions of the retina outside 



Fig 8 107 The relation between critical fusion fre- 
quency and log retinal illuminance for white light for each 
of three different retinal locations at the fovea and 5 and 
15® above the fovea (Hecht and Verrijp 1933 ) 
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the fovea The initial branches of these two 
curves at 15° and 5° eccentricity are attrib- 
uted to the function of rods The later 
branches are believed to reflect the function of 
peripheral cones They are lower by reason of 
the fact that peripheral cones are sparsely dis- 
tributed This IS presumed to be related to a 
decrease in their temporal resolution capa- 
bility The decline of the critical fusion fre- 
quency at very high luminances may be attrib- 
uted to some form of overloading of the retinal 
receptors Effects of adaptation, retinal loca- 
tion, binocular as opposed to monocular stimu- 
lation and spectral distribution of the stimulus 
all influence the critical fusion frequency 
There are a number of interactions among 
these variables but it is impossible to treat 
them in detail here Several comprehensive 
reviews of the subject are available (Brown, 
1965b, Pieron, 1965) 

Temporal Modulation Transfer Function. 
Just as a modulation transfer function has 
been investigated in the spatial domain, so has 
it been studied in the temporal domain of vi- 
sion Instead of presenting to the eye a rectan- 
gular pulse of light which comes on and off 
abmptly and is interrupted by complete dark- 
ness between presentations, a light stimulus 
may be employed which vanes in luminance 
sinusoidally with time Under these circum- 
stances, it is possible to vary either the fre- 
quency of presentation of the stimulus or the 
amplitude of modulation of the stimulus The 
average luminance can be kept constant and 
modulation amplitude may be increased to a 
maximum of 100% for a sinusoidal stimulus 
As modulation amplitude is reduced, the stim- 
ulus approaches a steady light of unvarying 
luminance The results of a series of experi- 
ments for each of three retinal illuminations 
are presented in Figure 8 108 At all illumina- 
tions it IS evident that as frequency is in- 
creased, the relative amplitude at which fusion 
occurs increases rapidly That is, the eye re- 
quires a higher amplitude of change in lumi- 
nance in order to discriminate temporal dis- 
continuity and thus may be said to show a 
reduction m its sensitivity to temporal varia- 
tion The left-hand ordinate scale is the recip- 
rocal of relative modulation amplitude At fre- 
quencies of over 50 or 60 Hz for the highest il- 
lumination employed, it is impossible to dis- 
criminate any flicker even at maximum modu- 
lation amplitude 



Fig 8 108 Modulation amplitude (r%) of the funda- 
mental sinusoidal component at fusion as a function of 
frequency for each of four modulation wave forms or 
shapes The curves represent each of three retinal il- 
luminances as labeled (de Lange 1958) 

At the higher retinal illumination, there is 
the development of a kind of resonance effect 
A specific frequency appears to provide for 
maximum sensitivity and at higher and lower 
frequencies, higher modulation amplitudes are 
required The peaking or resonance phenom- 
enon IS emphasized when larger stimulus fields 
are employed such that border contrast effects 
are reduced (Kelly, 1961) For the conditions 
which obtained when these data were col- 
lected, the low frequency modulation ampli- 
tudes, expressed in relative terms, are the 
same for the three levels of retinal illumination 
investigated 

The question must be raised as to the pos- 
sible practical value of considering the modu- 
lation amplitude of a time -varying visual stim- 
ulus One very important conclusion which 
may be drawn is that high frequency variation 
cannot be discriminated At first, this seems 
obvious It has been known for a long time that 
intermittent stimuli are seen to fuse at fre- 
quencies which are usually below 100 Hz, with 
the frequency of fusion depending upon the 
level of illumination Figure 8 108 provides an 
additional kind of information, however Four 
different wave forms of the stimulus light were 
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employed in gathering these data Their forms 
are illustrated m the inset of the figure The 
actual plotted points m the figure represent 
only the fundamental sinusoidal component of 
the complex wave forms which were employed 
For a given average illumination, all of the 
data points fall on the same curve quite inde- 
pendent of the actual shape of the stimulus 
wave form The implication of this is that it is 
only the fundamental sinusoidal component 
which determines the relation between fre- 
quency and modulation amplitude for fusion 
at a given level of retinal illumination Appar- 
ently, the visual system acts as a filter and 
tends to eliminate the effects of higher order 
components Although there are special cir- 
cumstances where this may not be true (Levin- 
son, 1964, 1968), it is true m a sufficiently 
large number of circumstances to be of some 
usefulness in predicting the nature of response 
of the visual system to a time -varying, com- 
plex wave form 

Perceptual Duration. Techniques other 
than determination of the time interval in 
which energy will summate (for the detection 
of threshold) and the measurement of critical 
frequency (for the fusion of flicker) have been 
employed in studying the temporal resolution 
capability of the eye One procedure uses two 
stimuli, one visual, and the other either visual 
or auditory When the second stimulus is an 
auditory signal, it is usually a click or other 
sound of very short duration The visual stim- 
ulus is presented and the observer’s task is to 
adjust the time of occurrence of the auditory 
“marker” so that it seems to be synchronous 
in time with the onset of the visual stimulus 
In a subsequent senes of settings, the observer 
adjusts the auditory marker so that it appears 
to correspond m time with the termination of 
the visual stimulus The difference in time 
between the termination setting and the set- 
ting which marks the beginning of the visual 
stimulus may be taken as a representation of 
the perceptual duration of the visual stimulus 
Studies of this sort indicate that the percep- 
tion of a visual stimulus is of from 120 to 250 
msec in duration (Sperling, 1960, 1967, Neis- 
ser, 1967, Haber and Standing 1970, Efron, 
1970) 

At fairly high levels of light adaptation, a 
black outlined figure on a white background 
has a perceptual duration of approximately 250 


msec This was ascertained by adjusting the 
rate at which the black outlined target had to 
be presented repetitively in order to appear to 
be on continuously It was actually on for a 
duration of approximately 20 msec , but ob- 
servers reported that it was seen continuously 
so long as it was presented within 250 msec of 
the preceding presentation on each successive 
presentation (Haber and Standing, 1969) 
When the observer is dark adapted and there 
is no steady background illumination, the 
“persistence” of a presentation of the same 
short duration and at the same luminance is 
increased to over 400 msec 

In general, results of experiments of this sort 
indicate that a light flash of shorter than 250 
msec presented to the light-adapted eye will 
appear to be of nearly 250 msec duration re- 
gardless of its duration For the dark-adapted 
eye, the apparent duration will be somewhat 
longer For longer light flashes, the apparent 
duration will conform fairly closely to the ac- 
tual physical duration It is interesting to note 
that an interval of approximately 250 msec 
corresponds to the duration of individual fixa- 
tions of the eye on a printed page Evidence 
indicates that an interval of from 200 to 250 
msec IS required for the processing of informa- 
tion derived from each visual fixation (Haber 
and Nathanson, 1969) This relatively long 
time interval of a quarter of a second as con- 
trasted with a critical duration of the order of 
0 01 sec in the light-adapted eye is most rea- 
sonably attributed to the involvement of cor- 
tical processes which must be invoked for the 
processing of complex information such as let- 
ters or words when these are presented sequen- 
tially at a fairly rapid rate The temporal reso- 
lution characteristics of the visual system are 
thus quite complex and include a brief limita- 
tion at the level of the retina for integration of 
energy and a more severe limitation which 
almost certainly involves higher centers in the 
brain for sequential discrimination of intelli- 
gent information Relatively long term tem- 
poral summation effects have been demon- 
strated when the observer’s task has been the 
identification of specific symbols from a larger 
set of symbols such as letters or numbers 
(Haber and Hershenson, 1965) The fact that 
successive presentations of a symbol which 
shows summation may be presented alter- 
nately first to one eye and then to the other 
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provides clear evidence that such summation 
takes place at a cortical rather than a retinal 
level 

Doscriminatiooi Based 
on Wawelength 

COLOR VISION 

The Tnchromacy of Color Vision The eye 
IS not nearly as good a discriminator of the 
wavelength or frequency of light as is the ear 
of the frequency of sound stimulation Within 
certain limits, any color sensation may be 
matched by the mixture of just three primaries 
if these are appropriately selected spectral 
lights The only stringent requirement m se- 
lecting primaries is that no two of them be 
complementary That is, that no two can be 
added together to produce a white or neutral 
sensation For practical reasons in the 
matching of colors associated with extreme 
wavelengths and having relatively high lumi- 
nance, primaries are usually selected to in- 
clude a red, a green, and a blue or violet ele- 
ment 

Color Mixture. If any monochromatic light 
is represented in one-half of a bipartite field, it 
may be matched by the addition of three pri- 
mary wavelengths in the other half of the bi- 
partite field The relative amounts of three 
selected primaries required to match any 
monochromatic lights are illustrated in Figure 
8 109 The individual luminances of the spe- 
cific primaries selected have been adjusted so 
that when they are mixed m amounts propor- 
tional to their relative luminances, they will 
match a standard reference white 

It is clear from Figure 8 109 that a negative 
amount of one of the three primaries is neces- 
sary m order to achieve a match at any wave- 
length below about 551 nm m the visible spec- 
trum It is, of course, impossible to obtain a 
negative amount of light under any circum- 
stances The negative values m Figure 8 109 
therefore require some clarification In fact, 
precise matches of monochromatic lights 
cannot always be achieved by simple addition 
of all three of the primaries in the opposite 
side of a bipartite field It is sometimes neces- 
sary to add one of the primaries to the wave- 
length to be matched in order to achieve a per- 
fect match between the two halves of the field 



X (nm) 


Fig 8 109 Chromaticity co-ordinates of spectrum 
colors for the standard observer Curves are based on 
spectrum primaries of 700 nm 546 1 nm and 435 8 
nm The reference white is an equal-energy spectrum 
(Wintrmgham 1951 ) 

The appearance of the wavelength to be 
matched is thus altered slightly when a small 
amount of one of the primaries is added to it It 
IS accepted as a convention that when a given 
amount of a primary is added to the field to be 
matched, it is treated as a negative value m 
the overall addition process 

Actually, quite good ranges of colors from 
violet to deep red may be achieved by simple 
additive mixture of primaries It is not pos- 
sible to match all spectral colors without the 
subtractive technique described above, how- 
ever 

The fact that jufet three variables need be 
taken into account for color matching long ago 
gave rise to the speculation that the visual 
mechanism must involve three selective dis- 
crimination channels in the color vision 
system (Young, 1807) Such channels might 
involve each of three different pigments re- 
siding m each of three different classes of 
cones as was very early suggested We have 
seen above that this type of mechanism prob- 
ably does, m fact, exist 

In its simplest form of operation, such a 
system might encode information about color 
in terms of the relative responsiveness of each 
of the three systems for a given condition of 
stimulation That is to say, light of long wave- 
length would stimulate cones bearing red-ab- 
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sorbing pigments maximally, would stimulate 
cones with pigments absorbing in the green 
region of the spectrum slightly, and would 
hardly stimulate cones with pigments ab- 
sorbing in the blue region of the spectrum at 
all The pattern of neural activity in the path- 
ways subserving these three classes of cones 
would thus be characteristic for a given mono- 
chromatic wavelength of stimulation or for a 
selective distribution of stimulation over a 
range of wavelengths A theory of color vision 
based on this kind of reasoning was pro- 
pounded by Helmholtz (1924) based on the 
earlier suggestions of Thomas Young (1807) 

Opponents Processes, There are certain 
aspects of the function of the color vision proc- 
ess, however, which belie such a simple mecha- 
nism There appear to be inhibitory interac- 
tions between certain of the primary color dis- 
crimination mechanisms at stages central to 
the primary receptors When a red light is 
mixed with a bluish-green light, the combina- 
tion tends to be achromatic if the components 
are appropriately selected Similarly, addition 
of a yellow light and a blue light may yield an 
achromatic product Individual wavelengths, 
which when mixed together tend to neutralize 
each other or produce a white stimulus, are 
said to be mixture complements It is as if 
they are stimulating elements within the color 
vision detecting system which work in opposi- 
tion and hence tend to cancel out the effects of 
complementary stimuli when these are pre- 
sented simultaneously 

If the eye is exposed for a period of 5 or 10 
sec to a bright red light and this is followed by 
a white field, the latter will appear greenish in 
hue If the original red stimulation was smaller 
in size than the subsequent white field, a green 
region will be seen against the white field cor- 
responding in size to that of the original red 
stimulus. Such successive color contrast effects 
can also be seen dramatically following expo- 
sure to a green light which induces a red hue 
in a white field, or a yellow light which induces 
blue, or a blue light which induces yellow The 
precise after-image hue depends upon the 
wavelength distribution of the initial “induc- 
ing” stimulus As reported earlier, electrophys- 
lological processes have been found at the 
level of the lateral geniculate body which indi- 
cate that on certain cells the effect of turning 
off a red stimulus is the same as the effect of 
tummg on a green stimulus For other cells the 


reverse may be true Similar effects m indi- 
vidual cells are found for yellow and blue stim- 
ulus lights (DeValois, 1965) 

If the region of the retina which permits 
identification of various hues associated with 
given wavelengths of stimulation is studied 
carefully, an interesting result is found Red 
and green may be identified out to a certain 
distance from the fovea which is very nearly 
the same for each of these colors On the other 
hand, wavelengths which typically elicit the 
response “yellow” or “blue” can be presented 
at a greater distance from the fovea and will 
evoke the characteristic color-naming re- 
sponse In a word, the color discrimination 
ability of the retina for yellow and blue ex- 
tends out further into the periphery than is the 
case for red and green These relations are il- 
lustrated in Figure 8 110 Finally, if a small 
patch of color is surrounded by a neutral field 
and the reflectance of the neutral field is ad- 
justed appropriately, the neutral field will 
appear tinged with a hue corresponding to the 
complement of the color patch This is known 
as simultaneous color contrast (Graham and 
Brown, 1965) It is attributed to spatial inter- 
action effects which probably reside m the 
retina, but as yet there is only limited informa- 
tion as to what the nature of these interaction 
processes may be ( Gouras, 1968) 

COLOR BLINDNESS 

The evidence favoring opponents processes 
that involve red and green as apparently 
having opposite effects, and yellow and blue as 
apparently having opposite effects, are lent 
further support by the nature of color blind- 
ness Although some color blindness is com- 
plete, most IS not, in that most individuals 
who suffer from deficiency m color discrimina- 
tion are able to discriminate some colors al- 
though not all Where three primaries are re- 
quired for the normal observer, many of these 
color blind individuals require only two They 
are therefore called dichromats as opposed to 
trichromats, the term employed for the normal 
observer, or monochromats, the term applied to 
the completely color-blind. Dichromacy exists 
in four specific forms These include protano- 
pia, deuteranopia, tritanopia, and tetartanopia 
(see below) The names applied to these forms 
of color vision serve only to discriminate them 
as four different types and have no other scien- 
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Fig 8110 Retinal receptive fields m which red 
green blue yellow and achromatic lights can be detec- 
ted Note that the zones in which color may be discrim- 
inated are smallest for red and green somewhat larger 
for yellow and blue and largest for the simple detection 
of light independent of color (Optical Society of America 
1953 ) 

tific Significance Tritanopes are extremely 
rare and the status of the fourth type, tetartan- 
opia, is unclear Its frequency of occurrence is 
sufficiently small that it need not be given se- 
rious consideration 

Monochromats. There are individuals 
whose vision is entirely monochromatic, that 
IS, they can match any spectral distribution 
with a single monochromatic light, provided 
they are permitted to adjust its luminance 
Any monochromatic wavelength will serve per- 
fectly well Monochromats, sometimes called 
achromats, are for the most part tound to lack 
normal cones The vision of these rod mono- 
chromats IS scotopic and their luminosity func- 
tion corresponds to that of the dark-adapted 
penpheral retina of the normal (Sloan, 1954) 
Visual acuity is low, high luminances are dis- 
turbing and there is chronic nystagmus A 
small percentage of monochromats apparently 
have one type of cone in addition to rods It 
has been suggested that these individuals may 
see in a single color under photopic conditions 
and m shades of gray under scotopic condi- 
tions If this IS true, they probably should not 
be called achromats, although the unitary 
character of their photopic vision can hardly 
provide any useful chromatic information 
Cone -monochromats have been reported with a 


photopic peak sensitivity at 440 nm (Black- 
well and Blackwell, 1957, 1961), suggesting the 
presence of “blue” cones, and with a peak of 
545 nm There is some question as to whether 
the latter absorption peak represents the func- 
tion of “green” cones (Pitt, 1944, Weale, 1953) 

Dichromats. Both protanopes and deuter- 
anopes tend to confuse reds and greens The 
colors which they perceive are all in shades of 
yellow and blue as these are seen by normals 
This conclusion is based on evidence from 
cases of monocular color blindness (Judd, 
1948, Graham et al , 1961) In such individuals 
the appearance of various stimuli presented to 
the dichromatic eye may be matched in the 
normal eye and thus provide an indication of 
what the color-blind eye sees relative to 
normal color vision The color confusions of 
the tntanope involve yellows and blues Pre- 
sumably, color blindness involves some defi- 
ciency in the mechanisms which contribute to 
the opponent processes of the normal observer 

Extensive studies have been performed on 
the spectral response functions of color-blind 
subjects In general, they show relatively little 
loss in luminosity, and are capable of re- 
sponding to levels of energy which differ only 
slightly from those required to stimulate the 
eye of the normal observer In addition, their 
visual acuity is almost normal These two facts 
lead to the conclusion that their deficiency is 
not the absence of an entire class of cones 
Rather, it suggests that they may be lacking m 
one or another of the photopigments found in 
normal cones 

These conclusions have found confirmation 
in some carefully conducted experiments on 
spectral response functions (Hsia and Graham, 
1957, Wald and Brown, 1965) Spectral re- 
sponse functions representative of protanopes, 
deuteranopes and normal subjects are pre- 
sented in Figure 8 111 These functions indi- 
cate a systematic loss in sensitivity for the 
protanope at longer wavelengths It is for this 
reason that the protanope is often character- 
ized as “red blind” although his actual color 
perceptions are probably very similar to those 
of the “green blind” deuteranope The spectral 
response function for the deuteranope m 
Figure 8T11 shows a small loss in sensitivity 
in the short wavelength region of the spec- 
trum, but the loss is not nearly so marked as 
that for the protanope at the long wavelength 
end The data in Figure 8 111 were obtained 
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Fig 8 111 Log luminosity for protanopes deuteran- 
opes and normal observers All of the data are expressed 
relative to the maximum value for the normal observer 
The protanopes show a luminosity loss in the red and the 
deuteranopes show a somewhat lesser loss m the green 
and blue (Hsia and Graham 1957 ) 

Without any selective preadaptation They rep- 
resent the composite spectral response func- 
tions which presumably derive from contribu- 
tions of all available cone pigments as these 
are combined, probably in the retina 

Some indication of the nature of the under- 
lying spectral response function for individual 
receptors may be obtained by selective 
bleaching and psychophysical measurements of 
the spectral sensitivity (Wald and Brown 1965) 
To isolate the blue receptor, measurements 
were made against a bright yellow background 
illumination The green receptor was isolated 
by making measurements on a background of 
mixed blue and red, or purple light Measure- 
ments of the red receptor were accomplished 
against a bright blue background The results 
are presented in Figure 8 112 for a normal ob- 
server, a red blind, a green blind and a blue 
blind observer It is clear that for the normal 
observer three different spectral response func- 
tions are derived against each of the three dif- 
ferent conditions of background illumination 
On the other hand, for the red blind observer, 
selective adaptation produces only two spec- 
tral response functions Against a bright blue 
background, the function measured for the red 
blind observer is identical with that measured 
against a purple background It may be in- 
ferred that the red blind observer lacks the 
long wavelength absorbing pigment Similarly, 
the green blind observer appears to lack the 
pigment which absorbs selectively in the 
middle wavelengths and the blue blind ob- 
server seems to lack the pigment which ab- 


sorbs primarily in the shortest visible wave- 
lengths The color vision of dichromats appar- 
ently can be explained m terms of loss of spe- 
cific cone pigments The selective adaptation 
studies of Wald provide no evidence for a fu- 
sion of two pigment types in a single receptor 
nor for the convergence of two receptor types 
on common foci within the system with a re- 
sulting loss in their unique individual selec- 
tivity 

The nearly normal visual acuity of dichro- 
mats leads to the conclusion that they are not 
deplete in total number of retinal cones but 
that, rather, when a given class of cones is 
missing it has been replaced by others such 
that m the protan ope there are additional 
middle wavelength cones and in the deuter- 
anope there are additional long wavelength 
cones There are insufficient data to charac- 
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Fig 8 112 Log relative spectral sensitivity functions 
for normal red blind green blind and blue blind observers 
Curves labeled D represent the function as measured in 
the dark-adapted fovea without prior bleaching or selec- 
tive adaptation Curves labeled B G and R represent 
functions obtained against spectrally selected adapting 
fields which provide for relative isolation of single cone 
pigments as described in the text It is evident that in 
the color-blind observers only two spectrally unique func 
tions are obtained (Wald and Brown 1 965 ) 
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tenze the situation m the tritanope It ap- 
pears that in protanopes and in deuteranopes 
the mechanisms which stimulate red and green 
sensations are both stimulated for wavelengths 
which assume hues of from green through 
yellow to red in the normal A wavelength of 
about 490 nm is seen as colorless or neutral by 
the protanope The neutral point for the deu- 
teranope is at about 500 nm All wavelengths 
longer than the neutral point evoke a response 
of yellow in these two classes of dichromats 
The nature of their color vision deficiency dif- 
fers in details, but both confuse reds and 
greens and see colors in shades of blue and 
yellow Tritanopes see all wavelengths longer 
than about 575 nm as red and all shorter 
wavelengths as blue -green, green or sometimes 
blue 

Color Anomaly. There is another class of 
color deficiency which is termed anomalous 
trichromacy People with this condition re- 
quire three primaries to match colors and yet 
the mixtures which match for them differ in 
proportions from those made by normal ob- 
servers There is an anomalous condition for 
each of the dichromacies, they are therefore 
categorized as protanomalous, deuteranom- 
alous or tntanomalous In these categories in- 
dividuals may be found ranging all the way 
between normal and the dichromat 

Hereditary Aspects Color vision deficiency 
is known to be genetically linked More men 
are color-blind than women and there are dif- 
ferent incidences m different races Among 
Caucasians approximately 8% of all men are 
dichromats or anomalous trichromats, only 
about 0 64% of women are so affected (Hsia 
and Graham, 1965) Approximately 1% of men 
and 0 02% of women are protanopes A slightly 
higher percentage of men, 1% to 2%, are deu- 
teranopes, only 0 01% of women are deuteran- 
opes The occurrence of tritanopes is really too 
small to be assigned any percentage value 
Both protanopia and deuteranopia are sex- 
linked recessive characteristics It is probable 
that two gene loci are involved on the x-chro- 
mosome (Stern, 1960, Francois, 1961, Wald 
and Brown 1965) It seems reasonable to sup- 
pose that the three color vision pigments in- 
volve three different opsins which in turn de- 
pend upon the operation of three different 
genes Red blindness and green blindness may 
represent recessive mutations in which these 
opsins are not formed 


Anomalous trichromia differs genetically 
from dueteranopia and protanopia The condi- 
tion breeds true (Waaler, 1927) Wald and 
Brown (1965) suggest that '‘the gene that nor- 
mally specifies the red sensitive pigment is 
allelic with the recessives for protanopia and 
protanomaly, and similarly the gene that spec- 
ifies the opsin of the green sensitive pigment is 
allelic with the recessives for deuteranopia and 
deuteranomaly The order of dominance is 
normal > anomalous trichromia > di- 
chromia ” 

Tritanopia is apparently not sex-linked A 
study of 47 tritanopes (Kalmus, 1955) showed 
29 to be males and 18 to be females This sug- 
gests that the character of the genetic defi- 
ciency is autosomal and dominant 
Rod-monochromacy is usually said to be a 
simple autosomal recessive character, i e , not 
sex-linked In some families, however, evi- 
dence for a sex linkage has been found Certain 
types of cone monochromacy may not be herit- 
able while others probably are (Hsia and Gra- 
ham, 1965) 

Perception of Depth 

There is a variety of cues which afford infor- 
mation as to differences m depth, several of 
which are operative in monocular vision and 
two of which require binocular vision 
Relative Size. The further an object is from 
the eye, the smaller is its image on the retina 
Retinal image size thus could afford a cue to 
depth Nevertheless, retinal image size alone is 
not a particularly effective cue in the estima- 
tion of absolute distance (Gogel, Hartman, and 
Harker, 1957), even for familiar objects 
Linear Perspective, The relative image size 
of individual objects as a cue to depth may be 
extended to the image of the entire visual 
field The texture of objects which recede from 
the observer in depth grows finer the greater 
the distance of the particular point under ob- 
servation Images of parellel lines comprising 
the edges of three-dimensional rectangular 
objects tend to converge as they recede from 
the observer m depth Linear perspective re- 
fers to the geometry of projection of a three- 
dimensional world on a two-dimensional plane 
and is reasonably considered to be an exten- 
sion of the relative size factor to the con- 
tinuum of visual space 
Interposition. When two objects are located 



8-118 


Sect/ on 8 


at different distances m space, the nearer may 
intrude between the observer and the more 
distant object The result will be the partial 
occlusion of the more distant object and an 
interruption of its familiar form Ratoosh 
(1949) expressed the notion formally, stating 
that a discontinuity in the first derivative of 
an outline contour affords a cue for discrimina- 
tion of relative depth of the object forming the 
contour An illustration of this concept is pre- 
sented in Figure 8 113 In the part A of the 
figure, one rectangle appears to be located in 
front of the second in a manner such that it is 
cutting off the lower left portion of the more 
distant rectangle The boundaries of the rec- 
tangle that appears to be more distant are in- 
terrupted by the boundaries of the rectangle 
that appears closer The contour lines which 
define what is presumed to be the rear rec- 
tangle are thus discontinuous at their point of 
intersection with the contour lines which de- 
fine the rectangle which appears to be closer 
It IS unsatisfactory, however, to attempt to 
explain interposition entirely in terms of such 
notions as contour discontinuity A rectangle 
has four discontinuities, one at each corner, 
but once the outline is perceived as a rectan- 
gle, the discontinuities at the corner have no 
relevance to depth, they merely confirm rec- 
tangularity It is more appropriate to define 
mterposition m terms of the interruption of 
contours which are expected on the basis of a 
reasonable assessment of the nature of the 
figure This is illustrated in part B (right) 
of Figure 8 113 This appears to show a star 
located m front of a circle Actually, there are 
discontinuities in the outline contour of the 
star as well as that of the circle at the point of 
mtersection of the contours of the two figures 
The discontinuities in the outline of the star 
conform to expectation on the basis of its 
shape as a star The discontinuities in the out- 
line of the circle, however, are incompatible 
with its being a circle unless the star is located 
in front of it Otherwise, the circle is not a 
circle but a circular form with a pie -shaped 
cut-out which just conforms to one of the 
points of the star For most observers the 
latter possibility is much less likely than that 
of a full circle with a star located in front of it 
(Chapanis and McCleary, 1953) It is thus evi- 
dent that the cue of interposition is very much 
dependent upon the observer’s knowledge of 
outline contours of the objects involved 



Fig 8 113 Two line drawings which represent the 
phenomenon of interposition as a cue to the discrimina- 
tion of relative distance At A one rectangle appears to 
be cutting off a portion of a second rectangle located at 
a greater distance The contours of the first interrupt 
the contours of the second rectangle At 5 a star ap 
pears to be located in front of a circle In this part of the 
figure there are discontinuities in the outline boundaries 
of both star and circle at their intersection The discon 
tinuities in the outline of the star however are charac- 
teristic of Its shape (Modified from Graham 1 965b ) 

Monocular Movement Parallax. Whenever 
there is motion of an observer or of objects 
which are located at different distances with 
respect to an observer, there is usually an ac- 
companying change in perspective of the ob- 
jects from the point of view of the observer 
This is illustrated in Figure 8 114 for a situa- 
tion where an observer is moving along a line 
mdicated by the arrow Two objects, a and 5, 
are located in space at the positions indicated 
The locations of the images of these objects on 
the retina of the observer are indicated by a' 
and h' It is evident that the angle through 
which the image of b sweeps across the retina 
with motion of the observer from 0i to O3 is 
substantially greater than the angle traversed 
by the image of a To the passenger who looks 
out the side window of a moving car or tram, 
objects near by, such as telephone poles, ap- 
pear to be moving rapidly in the direction 
opposite to that of the motion of the vehicle 
The more distant the object, the less rapid is 
its apparent motion in the opposite direction 
Objects at a middle distance fixated by the 
observer may appear to be stationary, and 
more distant objects will then appear to be 
moving m the same direction as the observer 
Even the slightest motion of the head intro- 
duces monocular movement parallax effects 
which provide important cues to the relative 
depth of objects m the immediate surround- 
mgs Smaller movements are necessary for the 
discrimination of monocular movement par- 
allax in the horizontal direction than m the 
vertical (Tschermak-Seysenegg, 1939, Graham 
et aL, 1948) 

Accommodation. The accommodative re- 
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sponse of the eye which alters the physical 
characteristic of the lens in order to achieve a 
maximally sharp image on the retina could, 
logically, serve as a cue to depth If appro- 
priate feedback information is available as to 
the nature of the motor response necessary to 
achieve optimum focus of the retinal image, 
this might provide a cue to the depth of the 
object viewed When all cues are eliminated 
other than that of accommodation, however, it 
IS found that this alone does not provide a very 
accurate basis for the determination of depth 
(Graham, 1965b) 

Convergence. In binocular vision, vergence 
movements of the eyes result in stimulation of 
the two foveas by light reflected from the point 
of regard in the visual world As this point re- 
cedes in space, the eyes must diverge As it 
approaches the observer, the eyes must con- 
verge Vergence movements are under the con- 
trol of the extraocular muscle system and the 
relative tension in the musculature involved is 
a possible basis for information as to relative 
depth of the point of fixation Convergence 
and accommodation change together in binoc- 
ular vision With increased convergence, the 



Fig 8 115 Illustration of the doubling of images of 
objects seen bmocularly at depths which differ from the 
point of fixation For additional information see text 


b' 



V 



b* 



Fig 8 114 Illustration of the relative positions of 
two objects located at different distances from an ob- 
server as he moves along the path represented by the 
arrow Relative changes in the locations of retinal images 
of the two objects are shown Such changes in retinal 
•ftiage positions provide the monocular movement 
parallax cue for distance discrimination 



Fig 8 116 Two pairs of random dot matrices which 
illustrate binocular depth discrimination based on retinal 
disparity In the upper pair of dot patterns a small square 
area has been laterally displaced in one of the matrices 
Otherwise the two patterns are identical The lower two 
patterns are alike except for three rectangular patterns 
By first fixating a point closer than the plane of the figure 
so that there is a doubling of each of the members of a 
pair of the dot patterns with super imposition of their 
images on the retina and then carefully adjusting accom- 
modation for clear view of the fused images it is possible 
to see a square within the pattern which appears to be be- 
hind the plane of the page (Julesz, 1 964) 
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eye must accommodate for nearer objects in 
order to maintain a sharp retinal image A va- 
riety of experiments has been performed in 
which the accommodation and convergence 
functions are artificially separated The results 
of these studies do not provide consistent evi- 
dence for the comparative evaluation of ac- 
commodation and convergence as cues to 
depth (Graham, 1965b) They do show, how- 
ever, that convergence like accommodation, is 
a relatively unimportant cue in the discrimina- 
tion of depth 

Binocular Retinal Disparity The two eyes 
are displaced in space by approximately 65 
mm Thus they provide two different views of 
the visual world Objects located at different 
depths are seen in different relative perspec- 
tives by the two eyes This can be demon- 
strated fairly simply as illustrated in Figure 
8 115 by fixating the forefinger of the right 
hand while the forefinger of the left hand is 
held behind it The more distant finger is seen 
as double It is clear from the figure that for 
the left eye, the more distant finger is located 
to the left of the point of fixation, while for the 
right eye is is located to the right of the point 
of fixation The point of fixation is imaged on 
the foveas of the two eyes The more distant 
fingertip is imaged on noncorresponding 
points in the two eyes, to the right of the fovea 
in the left eye and to the left of the fovea in 
the right eye (Corresponding points in the two 
eyes are defined as those points which would 
be in contact if the two retinas were super- 
posed with the two foveas in contact Thus the 
temporal retina of the right eye corresponds 
with the nasal retina of the left eye, etc) If 
fixation is mamtained on the right forefinger 
and the left forefinger is then brought in closer 
to the observer, it will again be seen as double, 
but this time the left eye image will appear to 
the right of the point of fixation and the right 
eye image will appear to the left of the point of 
fixation Again, noncorresponding points of the 
two retinas are stimulated by the light from 
the nearer object 

In the example given, the effect is a fairly 
dramatic one in that double images are seen 
Normally, they are not seen, although with the 
exception of the object of fixation, parts of the 
images of most objects in the visual field stim- 
ulate noncorresponding points on the two re- 
tinas Such retinal image disparity appears to 


provide a cue as to relative depth When dis- 
parity IS not great, or when the disparate im- 
ages are sufficiently removed from the region 
of the fovea, objects are not seen as double but 
are seen to be located closer or further away 
than the point of fixation, depending upon the 
nature of the disparity Geometrically, there 
are a number of points in visual space other 
than the point of fixation which will provide 
retinal stimulation of corresponding points m 
the two retinas The locus of these points in 
space is known as the geometric horopter The 
derivation of the term implies the limiting 
locus for observation of single images In fact, 
most points which do not stimulate precisely 
corresponding retinal locations in the two eyes 
are not seen as double but are seen as at dif- 
ferent depths The geometric horopter was 
worked out in detail by Johannes Muller (1826) 
This conception of the horopter is oversimpli- 
fied, some of the complications which must be 
considered were worked out by Helmholtz 
(1924) and by Hering (1861, 1864) A good re- 
view of the subject is presented by Ogle (1950) 
The recent studies reported by Barlow, 
Blakemore and Pettigrew (1967) and by Hubei 
and Wiesel (1970), which demonstrate the ex- 
istence of cortical cells that respond differen- 
tially to certain amounts of disparity particu- 
larly in the horizontal dimension, provide a 
neurophysiological basis for the perception of 
depth as a result of binocular retinal disparity 
Forms can be discriminated in depth solely 
on the basis of retinal disparity in the absence 
of any monocular cues as to their identity 
Julesz (1964) has demonstrated this with the 
aid of stereo pairs which are comprised of 
random dot patterns (Fig 8 116) One member 
of a pair consists of a randomly distributed 
pattern of dots The other member is identical 
except that all of the dots within an imaginary 
outline of some form are transposed laterally 
with respect to the rest of the dots Dots in- 
truded upon by the transposition are erased 
The vacated portion of the pattern is refilled 
with random dots When the two eyes fuse ei- 
ther the dots which have been transposed or 
the background dots, the resulting retinal dis- 
parity of dots not fused is accompanied by the 
appearance of the form It may appear either 
m front of or behind the plane of the back- 
ground depending on the direction of the dis- 
parity 



/TASTE 


The sensation of taste is relatively complex 
Taste IS essentially a chemical sense, but the 
“taste” of food is significantly influenced by 
responses of pain receptors, and tactual recep- 
tors of the mouth, as well as by receptors of 
smell The way in which a food “tastes” is in- 
fluenced by its temperature and physical con- 
sistency as well as its chemical characteristics 
One may enhance the taste of food by manipu- 
lating it with the tongue while it is in the 
mouth This serves to distribute the food over 
different regions of the tongue and mouth in 
which sensory receptors for taste with differ- 
ential response characteristics reside In addi- 
tion, motions of the tongue tend to permit liq- 
uids to flow m around the papillae on the 
tongue, permitting greater access to taste buds 
in their walls (von Bekesy, 1964b) Taste is 
also influenced by the condition of adaptation 
of taste receptors Compared with other sense 
organs, they are highly subject to adaptation, 
and the taste of any given substance may be 
significantly influenced by the nature of the 
materials to which the taste receptors have 
been exposed in the immediately preceding 
interval 

The presence of certain substances in the 
blood stream may lead to a sensation of taste 
peculiar to these specific substances As is true 
m the case of material taken into the mouth, 
such tastes tend to adapt out These observa- 
tions thus indicate that alterations m the 
chemical constituents of the blood may not 
only induce tastes but may alter the sensitivity 
of the individual to the tastes of specific sub- 
stances The taste receptors themselves are 
apparently insensitive to mechanical vibration 
or passive touch, but the texture of foods and 
the viscosity of liquids certainly influence the 
nature of the overall experience which we cate- 
gorize as “taste ” 

Most persons would agree that taste adds an 
important dimension to human experience and 
contributes to our enjoyment of eating or to 
our rejection of certain foods Although there is 


some question as to the physiological signifi- 
cance of this for man, tastes may play a highly 
significant role in maintaining appropriate 
physiological balance in animals For example, 
animals with certain food deficiencies have 
been demonstrated to select preferentially 
those foods, the taste of which is associated 
with the substances in which they are deficient 
(Pfaffmann, 1963, Teitelbaum and Epstein, 
1963) 

The Sensations of Taste 

Concern with the sensory dimensions of 
taste can be traced back for many years (Bor- 
ing, 1942) Around the end of the 16th century, 
nine “basic” tastes were recognized By the 
middle of the 1700s, this number had grown 
somewhat by the addition of new tastes and 
elimination of some of the old A gradual re- 
finement of the list by the elimination of sub- 
categories having components that might be 
attributed to other than purely chemical stim- 
ulation occurred over the years At present, we 
recognize four fundamental dimensions of 
taste, salty, sour or acid, sweet, and bitter 
These four basi c sensations were described by 
Fick in 186 4 Acceptance of them has been 
strengthened by a variety of evidence over the 
years From these four fundamentals, along 
with the influences of tactual, pain (Lee, 1954) 
and olfactory stimulations, the almost num- 
berless varieties of gustatory experiences are 
derived As we shall see, derived tastes may 
represent blends of the fundamentals or the 
effects of interaction which include inhibitory 
components 

Salty tastes are derived primarily from inor- 
ganic compounds which ionize m solution The 
most familiar is sodium chloride, common 
table salt In addition, the chlorides of potas- 
sium, magnesium, ammonium, lithium, zinc, 
and calcium all taste salty They differ from 
one another, however, and this is attributed to 
their stimulation of the receptors for dimen- 
sions of taste other than those which mediate 
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the salt} taste In addition to chlorides, the 
other halides, including bromides, iodides and 
fluorides, along uith sulfates nitrates, carbon- 
ates, and tartrates ma} taste salty The pos- 
sible contribution of the cation is not clear 
Compounds of sodium, potassium, lithium, 
magnesium, and ammonium often taste salty, 
but sodium acetate does not Heavier halide 
compounds tend to taste bitter 

As IS the case for those materials which pro- 
duce a salty taste, those which produce a sour 
taste are also electrolytes It is generally 
agreed that the active agent m this instance is 
the hydrogen ion The inorganic acids, hydro- 
chloric, sulfuric, and nitric, will taste the same 
when they are made up in equal concentra- 
tions This IS not true of organic acids, how- 
ever Some of these with a lower hydrogen ion 
concentration than that of hydrochloric acid, 
for example, may nonethless taste more sour 
The greater effectiveness of acetic acid than 
hydrochloric acid for the same hydrogen ion 
concentration has been attributed to the 
greater effectiveness of acetic acid in pene- 
trating tissue, and thus, to an actually higher 
hydrogen ion concentration within the taste 
buds when acetic acid is employed as a stimu- 
lant Another reason suggested by Pfaffmann 
(1951) IS based on the interaction of the saliva 
with the stimulus Saliva may be a more effec- 
tive buffer in the case of some stimuli than 
others Apparently, when acid stimuli are re- 
stricted to a region of the tongue from which 
saliva has been removed, thresholds are di- 
rectly related to the hydrogen ion concentra- 
tion 

Sweet tastes are primarily associated with 
organic compounds, specifically the various 
sugars, along with some polysaccharides, glyc- 
erol, and other alcohols, aldehydes, and ke- 
tones of the aliphatic series and saccharin, 
dulcin, and chloroform In addition, some inor- 
ganic materials such as lead acetate and di- 
luted alkalis may be sweet to the taste Many 
of the sweetest tasting organic materials are 
not electrolytes 

As is the case for sweet stimuli, compounds 
which elicit a bitter taste are primarily or- 
ganic, particularly the alkaloids (brucine, 
strychnine, nicotine, quinine, morphine, and 
others, as well as certain glucosides In addi- 
tion, bile salts are organic compounds which 
produce a bitter taste In general, these bitter 


stimuli are active without dissociation Some 
inorganic salts including those of magnesium 
cesium, rubidium, ammonium, and calcium as 
well as others produce a bitter taste which is 
attributed to action of the cation m solution 
Many organic compounds which taste bitter 
contain NO 2 groups, with two such groups a 
molecule usually tastes bitter, and with three 
such groups it invariably does 

There appears to be a close chemical rela- 
tion between many of the stimuli for bitterness 
and sweetness Derivatives of saccharin, which 
is intensely sweet, may be quite bitter Phenyl- 
thiocarbamide tastes bitter to most individuals 
and yet it is identical with dulcin, 500 times 
sweeter than sugar, except for the fact that one 
oxygen atom of the dulcin molecule has been 
replaced by a sulfer atom In some cases, iso- 
mers of a sweet tasting compound with iden- 
tical chemical constituents will have a bitter 
taste 

There is a significant relation between the 
qualitative sensation of taste and the region of 
the tongue which is stimulated Sensitivity to 
sweet stimuli is greatest near the tip of the 
tongue, while sensitivity to bitter stimuli is 
greatest at the base of the tongue and in the 
region of the epiglottis Some substances, such 
as sodium salicylate, rhamnose, and parabrom- 
benzoic-sulfanide give rise to a sweet sensation 
when applied to the tip of the tongue but elicit 
a bitter taste when applied to the base of the 
tongue Magnesium and sodium sulfates cause 
a salty taste when applied to the tip and a 
bitter taste when applied to the base of the 
tongue Apparently the lateral edges of the 
tongue at about the middle are most sensitive 
to sour stimuli Salty stimuli appear to be 
most effective on the tip of the tongue, but 
elicit a characteristic taste when applied to 
almost any region of the upper surface and 
edges, except for the middle region of the top 
of the tongue, which is apparently insensitive 
to any chemical taste stimulation These local- 
ization phenomena were early interpreted to 
imply that specific receptors for the four fun- 
damental taste components tend to be, at least 
to some extent, separated regionally on the 
tongue The discovery of these geographic dis- 
tributions of response for sour, salty, bitter, 
and sweet lends support to the belief that the 
fundamental components of taste are four m 
number (Hbnig, 1901) 
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ANATOMY AND SENSITIVITY 

The primary chemical receptors for taste are 
the taste buds Most of these are located on 
the tongue, but some are found on both the 
hard and soft palate, the mucosa of the epi- 
glottis, and the larynx in the region of the ary- 
tenoid cartilages, the mucosa of the pharnyx, 
and even the mucosa of the lips and cheeks, as 
well as the bottom of the tongue and the floor 
of the mouth in some individuals (Bornstem, 
1940),, In children, taste buds are quite widely 
distributed and are especially numerous at the 
tip of the tongue In the adult, the number at 
the tip IS much reduced and the middle por- 
tion of the tongue’s upper surface is almost 
devoid of taste buds The taste buds of the 
tongue are located on the lingual papillae, the 
many small elevations with which the surface 
mucosa of the tongue is studded There are 
three mam types of papillae, the filiform, fun- 
giform, and circumvallate The filiform pa- 
pillae are minute conical structures covering 
the anterior two-thirds or so of the dorsal sur- 
face of the tongue, but they rarely contain 
taste buds The fungiform papillae are larger, 
round in shape, and are located mostly at the 
tip and edges of the tongue Each of these 
usually holds from 8 to 10 taste buds in the 
epithelium covering its free surface The cir- 
cumvallate papillae are the largest of the pa- 
pillae and are most conspicuous at the poste- 
rior portion of the tongue where from 6 to 12 
are arranged in a V-formation with the vertex 
toward the back Their general location is il- 
lustrated in Figure 8 117A The circumvallate 
papillae have a central round elevation with 
perpendicular sides and are surrounded by a 
sulcus The taste buds are located m mucosa 
which forms the walls of the circular trench 
around each papilla There are usually more 
than 200 taste buds on the perpendicular walls 
of each papilla and there may be substantially 
more With advancing age, this number may 
be drastically reduced (Ary, et al , 1935) A 
microphotograph of the tip of the tongue which 
shows various taste papillae is illustrated in 
Figure 8 118 These have selective responses 
for the human subject to individual stimula- 
tion, both electrically and chemically, as coded 
m the figure A schematic illustration of a 
single taste bud in cross section with its micro- 




Fig 8 117 A Sensitivity of the tongue in different 
regions for four primary taste qualities Diagonal cross- 
hatching represents the region innervated by the glosso- 
pharyngeal nerve Solid dots show the region innervated 
by the vagus Horizontal shading represents the region 
innervated by the chorda tympani (von Bek6sy 1966) 
The pathways of the nerve supplies are shown in 
greater detail in 5 a sagittal cross-sectional view of the 
tongue (Modified from Brodal 1959) 

villi projecting from the lateral wall of a pa- 
pilla IS shown in Figure 8 119 Individual taste 
buds are oblate, 50 p in breadth and approxi- 
mately 70 p from base to tip They are made 
up of groups of peripheral supporting cells 
and elongated receptor cells about 10 p in 
diameter The microvilli at the tips of these 
cells project through the taste pore on the 
surface of the papilla (Fig 8 120) These are 
extremely thin, only 0 1 to 0 2 ^ in diameter 
and approximately 2 p in length (deLorenzo, 
1963) The tight packing of the cells suggests 
cnat stimulation occurs by reason of contact 
between the microvilli and solutions which 
carry taste provoking substances Each taste 
bud may contain from 5 to 18 sensory cells 
Innervating nerve fibers penetrate the base- 
ment membrane of the receptor organ and 
arborize upon the surfaces of individual taste 
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Fig 8 118 Photomicrograph of the surface of the tip of the tongue showing various taste papillae Sensation 
qualities for electrical and chemical stimulation of each papilla are shown by the various signs Sensation qualities 
for electrical and chemical stimulation of a given papilla are identical (von Bek^sy 1966 ) 



Fig 8 119 Vertical section through a taste bud 

cells The suspicion that the sensory cells of 
taste buds “wear out” and are replaced after a 
fairly brief life cycle has been confirmed in 
several experiments (Beidler, et al , 1960, de- 
Lorenzo, 1963) These studies reveal that the 
sensory cells arise from division of the sur- 
rounding supporting cells and then migrate 
toward the center of the taste bud prior to 
degeneration The entire process probably oc- 
cupies no more than 3 to 5 days for the rat, 
perhaps 10 to 15 days for the rabbit. Beidler 
(1963) has suggested that the response charac- 
teristics of these cells for a specific stimulus 
may change during their life cycle, but this 
raises serious theoretical problems if true 
(Davis, 1963), and there is some evidence 
which tends to refute the notion (von Bekesy, 
1964b, 1966). 

The evidence for four fundamental taste 


sensations has been interpreted to suggest that 
there may be four distinct types of taste buds, 
each specialized to respond to certain types of 
stimuli more effectively than others Although 
there is some evidence that this may be the 
case (von Bekesy, 1966), there is other evi- 
dence, apparently equally good, which contra- 
dicts the idea Kimura and Beidler (1961) re- 
corded from individual taste receptors of the 
rat and hamster Their results showed that a 
microelectrode inserted through the taste pore 
of a single taste bud responds with a graded 
potential to stimulation provided through a 
small pipette in the region of the taste pore 
From a resting level of from -50 to -95 mv 
relative to a remotely located indifferent elec- 
trode, there was an increased positivity by as 
much as 10 mv upon chemical stimulation 
Substantial responses could be obtained from 
a single taste bud to stimuli for salt, bitter, 
sweet, and sour responses The response might 
be greater for one chemical modality than an- 
other, but variation in concentration could 
easily equalize the responses Highly specific 
taste receptors that respond to only one type 
of stimulation were not found Many of the 
taste cells did not respond to sucrose but a 
substantial number did The responses m mil- 
livolts of the hamster taste receptor to basic 
stimuli of four taste qualities are presented for 
each of eight taste receptors m Table 8 4 
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Table 8 4 

Response in millivolts of the hamster taste rtceptoi to 
basic stimuli of four taste qualities 


Taste 

Recep 

tor 

0 1 M 
NaCl 

0 1 M 
Sucrose 

0 02 M 
Quinine 

0 01 M 
HCl 

1 

10 5 

2 

45 

— 

2 

85 

2 

75 

i 0 

3 

9 

1 

45 

— 

4 

11 5 

5 

8 

22 5 

5 

10 

65 

9 

12 5 

6 

65 

1 5 

5 


7 

9 5 

2 5 

7 

9 

8 

14 

0 

5 

14 


From Kimura and Beidler, 1961 


Note that all of these receptors responded to 
salty and bitter stimulation and that all re- 
sponded to at least three of the solutions for 
the four different taste qualities If individual 
taste buds were strikingly more sensitive in 
their response to one of the four modalities 
than the other three, it might be presumed 
that, even though they respond to a variety of 
solutions, the individual cells mediate a highly 
specific qualitative sensory response The data 
of Table 8 4 however, do not appear to support 
such a notion These data, of course, are elec- 
trical measurements in the peripheral recep- 
tors of an infrahuman species It may, there- 
fore, be dangerous to generalize too quickly 
from these data to theories of taste reception 
in the human 

Several interesting experiments have been 
performed on the subjective responses of hu- 
mans to stimulation of individual papillae, 
both electrically and chemically (von Bekesy, 
1964b, 1966) von Bekesy (1964b) was able to 
stimulate individual papillae of human sub- 
jects with s small gold-tipped electrode With 
a tip diameter of Yio mm , only a unitary taste 
response was obtained Responses of sour, 
salty, bitter, and one case of sweet were 
elicited by electrical stimulation of specific 
papillae Each papilla mediated only one taste 
quality There was no change in the quality 
with movement of the stimulating tip over the 
surface of a single papilla The electrically 
elicited taste qualities were not identical with 
those elicited by chemical stimulation This 
was attributed to the probability that chemical 
stimuli are effective in the excitation of several 


papillae and result in a combined excitation 
with a resulting qualitative change Some pa- 
pillae were found which appeared to be two 
simple papillae fused together These medi- 
ated dual response qualities Larger papillae 
were found infrequently which mediated as 
many as three taste qualities von Bekesy 
(1966) followed up his study of subjective re- 
sponse to electrical stimulation with one of 
subjective response to chemical stimulation 
An individual papilla was pulled up with a 
suction tip and a drop of solution placed on its 
lateral wall When the tongue was maintained 
relatively dry in air of 30% humidity, the walls 
of the papillae apparently would support a 
drop of test solution without allowing it to flow 
onto the taste buds of neighboring papillae 
The results of the chemical stimulation study 
supported those obtained with electrical stim- 
ulation Individual papillae mediated only one 
qualitative taste response unless they were the 
larger, apparently compounded, papillae More 
importantly, individual papillae gave no re- 
sponse whatsoever to solutions which were 
inappropriate for the stimulation of their par- 
ticular quality of sensation The quality was 
not changed by a change in the concentration 
of solution, and the quality remained the same 
when a single papilla was stimulated either 
chemically or electrically These results are 
very difficult to reconcile with those reported 
by Beidler and his colleagues as referred to 
above 

There is some additional, albeit indirect, 
evidence for four differentially responding re- 
ceptor cells each of which may uniquely me- 
diate a given taste quality von Skramiik 
(1963) investigated the effects of application of 
a variety of anesthetics on the tongue He 
found differences in the change of sensitivity 
for the different sensory qualities of taste, and 
differences in recovery time, including in some 
instances a period of hypersensitivity The 
bitter “substrate” was most sensitive to anes- 
thesia The effects on the “substrates” which 
mediated the other three qualities varied with 
the different anesthesias The results provide a 
clear indication that the four “substrates” 
(receptors'^) are quite independent Neverthe- 
less, the question of whether there are just four 
unique receptors for taste m the human gusta- 
tory system or whether there are many varia- 
tions in the taste receptors (Erickson, 1967) 
must remain an open question at this time 
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NEURAL INNERVATION OF THE 
PERIPHERAL RECEPTORS 

The nerve fibers which penetrate the base- 
ment membrane of taste buds are dendritic 
branches of neurons, each of which innervates 
a number of cells They arise in the seventh 
and ninth cranial nerves The chorda tympani 
branch of the facial nerve (VII) sends fibers to 
taste buds which are distributed over the ante- 
rior two-thirds of the tongue This distribution 
is illustrated in Figure 8 117A by the hori- 
zontal lines on the right hand side of the 
figure The glossopharyngeal nerve (IX) sends 
fibers to taste buds which are in the posterior 
one-third of the tongue This region is illus- 
trated m Figure 8 117A by the oblique lines 
Taste buds which are located on the pharyn- 
geal aspect of the tongue, as well as those on 
the soft palate, the epiglottis, and m the region 
of the arytenoid cartilages receive innervation 
from the vagus nerve (X) This is illustrated in 
Figure 8 111 A by the solid dots on the base of 
the tongue A lateral view of this innervation is 
shown in Figure 8 117B There are individual 
differences in the nature of the pathway fol- 
lowed by the fibers of the chorda tympani 
This branch of the facial nerve is so named 
because it passes over the ossicles of the 
middle ear not far from the tympanic mem- 
brane This location is accessible in animals 
and has also been accessible in human patients 
undergoing surgery on the middle ear 

The trigeminal nerve (V) mediates sensa- 
tions of touch, temperature, and pressure from 
the entire buccal mucosa in addition to the 
common chemical sense It does not contain 
fibers which are associated with taste buds, 
but, as indicated above, aspects of what we 
commonly call taste are undoubtedly influ- 
enced by activity of the trigeminal nerve 

A variety of experiments has been performed 
in which the electrical activity of single fibers 
of the primary afferent neurons associated 
with taste buds has been measured In an early 
study, Pfaffman (1941) showed that various 
single fibers in the chorda tympani of the cat 
showed different patterns of excitation by so- 
lutions applied to the tongue Certain fibers 
were most responsive to acid stimuli, others to 
both acid and salt, others to acid and quinine 
Sugar proved ineffective in stimulating any of 
the fibers from which recordings were made 
The spike discharge patterns of individual fi- 


bers did not show any unique characteristics 
associated with the nature of the stimulus 
This was interpreted to support the specific 
nerve energies theory of function of the sensory 
nervous system That is, the qualitative nature 
of the information is determined by the spe- 
cific fibers involved and not by their pattern of 
discharge Additional work has been done on 
cats by others (Cohen et al , 1955) as well as on 
rats, hamsters, and rabbits (Fishman, 1957, 
Pfaffman, 1955) The dog is of interest be- 
cause, unlike the cat, it is behaviorally respon- 
sive to sweet substances 

In a recent experiment, it has been shown 
that different sugars differ markedly in their 
effectiveness as stimuli when the criterion of 
response is the activity in single fibers of the 
chorda tympani, or the integrated response of 
the chorda tympani nerve bundle (Andersen et 
al , 1963) Using 0 5 m solutions of both mono- 
saccharides and disacchandes, it was found 
that the most potent stimulus was D -fructose 
followed by sucrose, D-glucose, maltose, D-ga- 
lactose, and lactose The order for the mono- 
saccharides was D-fructose, D-glucose, and ga- 
lactose The rank order of potency of the disac- 
charides appeared to be determined by the 
potency of that portion of the molecule which 
combined with the glucose present in all of the 
disacchandes Some fibers were found which 
were responsive to only the most potent stimu- 
lus, D-fructose The integrated activity of the 
chorda tympani provided results which were in 
agreement with those obtained on single fibers 
as to the relative potency of the stimuli em- 
ployed These results, in turn, were in good 
agreement with the results of behavioral 
studies on human subjects 

Some fibers were found which responded 
both to salt and to sugar Even when fibers 
were not responsive to salt, prior stimulation 
with a salt solution tended to inhibit the re- 
sponse to sugar It IS tentatively suggested that 
the inhibitory effect of salt on the response of 
some cells which respond to sweet stimuli may 
be a result of the electrostatic binding of salt 
on the sites which must be occupied by sweet 
solutes for the stimulation of receptors Among 
fibers responsive to both sugar and salt, some 
were more responsive to sugar, others more 
responsive to salt, and still others equally re- 
sponsive A third type of fiber was responsive 
to salt alone A summary of these bindings is 
illustrated in Figure 8 121 
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Fig 8 120 Ultrastructure and organization of the taste buds in the papilla foliata of the rabbit (de Lorenzo 1963) 


Although some of the single fiber studies 
indicate exclusive response characteristics as- 
sociated with a given fundamental taste di- 
mension, it IS more typical to find fibers re- 
sponsive to two or more of the chemical me- 
diators of different fundamental tastes The 
question arises as to whether any interpreta- 
tion can be based on these results as to the 
probable nature of the primary receptors, or 
their connections to the nerve fibers which 
carry information from them to the central 
nervous system It is fairly obvious that many 
fibers are associated with peripheral termina- 
tions on more than one type of receptor, if 
indeed there are but four receptor types Con- 
flicts between the microelectrode studies of 
single taste buds and the behavioral studies of 
von Bekesy do not permit any firm conclusion 
at this time, but some of the single fiber work 


IS suggestive of the possibility that there are 
but four peripheral receptor types (Ogawa et 
al , 1968, Frank and Pfaffmann, 1969) 

Frank and Pfaffmann have studied the re- 
sponses of single fibers of the glossopharyngeal 
nerve and the chorda tympani of the rat in 
terms of their sensitivity to taste stimuli for 
each of four different qualities, salt, acid, bit- 
ter, and sweet Fibers were classified as re- 
sponding to a stimulus when they showed at 
least a 50% increase in response rate during 
the first 5 sec of stimulation One-quarter of 
the fibers showed response rate increases of 
500% or more to more than one of the stimuli 
employed An analysis of their data on the 
glossopharyngeal fibers and unpublished data 
on chorda tympani fibers has been made Re- 
sponses occurred m the way they would occur 
to individual stimuli and each of the six pos- 
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sible pairs of the four stimuli employed if the 
sensitivities to the four stimuli are inde- 
pendent and randomly distributed among the 
mnervating fibers Agreement with the hy- 
pothesis that sensitivities to the four stimuli 
are mutually independent events, each with a 
specifiable probability, tends to confirm the 
supposition that there are, indeed, just four 
taste primaries It does not, of course, prove 
the existence of four independent peripheral 
receptors 

The primary taste fibers in the facial nerve, 
the glossopharyngeal nerve and the vagus, 
enter the brainstem and then form a de- 
scending tract which terminates in the nucleus 
of the solitary tract of the medulla Facial and 
glossopharyngeal fibers terminate in the rostral 
portion and vagal fibers in the caudal portion 
(Pfaffman et al , 1961) Secondary neurons 
which arise in the medulla ascend the brain- 
stem through the mesencephalon in close prox- 
imity to other fibers from the face, mouth, and 
tongue which mediate the cutaneous sense and 
terminate in the arcuate nucleus of the thal- 
amus The tertiary neurons of the afferent 
pathway from the thalamus terminate in the 
cortex near the lower end of the postcentral 
gyrus in the region of the fissure of Sylvius of 
the parietal cortex 

Physiological studies of these pathways at 
various locations have been conducted 
Makous et al (1963) recorded from units of the 
anterior solitary tract of the medulla and its 
associated nucleus Responses were found to 


Sucrose mixture NaCI mixture 





Fig 8 121 Response patterns of various types of 
fibers which respond to sugar or salt or a combination of 
the two in solution (Andersen et al 1 963) 


most of the taste stimuli employed In addi 
tion, the same region and immediately over 
lapping regions produced responses to tactile 
and temperature stimulation Differences m 
the response to taste stimuli were observed 
with respect to the frequency of discharge but 
no obvious classification of these responses was 
possible 

Higher in the system, single units m the 
arcuate nucleus of the thalamus may be driven 
by taste stimulating solutions (Blomqmst et 
al , 1962) Lesions of this region in the monkey 
thalamus have been shown to produce gross 
deficits in ability to discriminate differences in 
taste quality (Patton et al , 1944) 

Experimentai Study of Tasle 
Sensation 

PSYCHOPHYSICAL STUDIES OF TASTE 

Measurements of the absolute threshold 
concentrations of various taste stimuli are ex 
ceedmgly difficult to make This is attested by 
the variability of the results of such studies as 
these are reported in the literature The 
methods employed are critical and may greatly 
influence the results obtained Sapid, or taste 
provoking, substances may be allowed to flow 
over an isolated region of the tongue through a 
glass tube which has a small opening pressed 
against the tongue The size of the opening 
and the region of its application will both be 
relevant variables The temperature of the so- 
lution IS another variable of considerable im 
portance (Sato, 1963, 1967) Another approach 
has been to permit the sipping of solutions of 
material which then can be moved about in 
the mouth and permitted to stimulate large 
areas of the surface of the tongue (Anderson, 
1950) More precise results may be obtained by 
the use of a single drop of material (Holway 
and Hurvich, 1937), or, at the extreme, an ef- 
fort may be made to stimulate a single papilla 
Kiesow (1898) attempted to accomplish this 
with the use of a pointed brush which held the 
stimulus solution Much more recently, the 
procedure has been employed by von Bek6sy 
(1966) m a study where individual papillae 
were lifted up from the substrate with a suc- 
tion tip, and a minute quantity of a chemical 
stimulus was applied to selected sites on the 
surface of a given papilla 

Absolute thresholds as these were reported 
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Table 8 5 

Absolute Thresholds 


Substance 

Per Cent 
Concen 
tration 
(approx ) 

Molar 

Concen- 

tration 

Sucrose 

7 X 10-^ 

2 X lO--* 

Sodium chloride 

2 X 10-^ 

35 X 10-" 

Hydrochloric acid 

7 X 10-2 

2 xl0-“ 

Crystallose (sodium 
salt of saccharin) 

5 X 

2 x 10-" 

Quinine sulphate 

3 X 10“2 

4 X 10-’ 


Stevens, 1951 


by Pfaffman (1951) are presented m Table 8 5 
Values are given for both percentage concen- 
tration and molar concentration Since the 
latter affords an indication of the relative 
number of molecules of the solute involved, it 
IS perhaps a more meaningful specification 
Reasonable agreement has been obtained with 
these threshold values for sucrose and for so- 
dium chloride but widely different results are 
reported by others for hydrochloric acid, sac- 
charin, and quinine sulfate It is reasonable to 
assume that the methods of testing, tempera- 
ture and individual differences all have played 
a role m these discrepancies which are found 
in the literature Even the values obtained for 
one subject differ appreciably from time to 
time, a phenomenon which may reflect 
changing concentrations of materials in the 
blood stream as mentioned above 
For some substances the mterindividual var- 
iability in sensitivity is extremely great A 
dramatic example is that of phenylthiocarb- 
amide Relative sensitivity to this material is 
believed to be genetically linked The normal 
threshold is of the order of from 0 001 to 
0 0001% solution For many years it was be- 
lieved that some individuals were simply in- 
capable of tasting this substance Setterfield et 
al , (1936) have demonstrated that, when the 
concentration is sufficiently high, a threshold 
value is reached for the so-called “nontasters ” 
The discrimination threshold, or amount of 
increase in concentration necessary for dis- 
crimination of a substance against a back- 
ground level to which the tongue has been 
adapted, has been studied As the concentra- 
tion of the background level is increased the 
relative amount of increase decreases, as is so 
for most sensory modalities The ratio between 
the increment and the background is of the 


order of one-half to approximately one-tenth 
The value depends, in addition to the concen- 
tration of the background, on the particular 
taste quality under investigation (Kopera, 
1931, Hoi way and Hurvich, 1937) 
Discrimination studies are complicated by 
the very rapid rate of adaptation of the taste 
mechanism The weaker the concentration of a 
substance, the more rapidly its taste will adapt 
out Even with quite high concentrations, how- 
ever, adaptation will be virtually complete 
within 2 to 5 mm (Krakauer and Dallenbach, 
1937, Abrahams et al , 1937) 

For most subjects and for most taste sub- 
stances, there appears to be an optimum tem- 
perature for maximum sensitivity in the neigh- 
borhood of 35° C for the human (Fig 8 122) 
(Sato, 1963) An increase in temperature may 
result in lower thresholds and increased time 
required for adaptation (Hahn, 1936) This 
effect was noted for temperature increases be- 
low the optimum level of about 35° C however 
It IS of interest to consider the way in which 
stimuli for the so-called fundamental tastes 
combine to produce complex tastes The rich- 
ness of our taste experience suggests that most 
familiar tastes are in fact the result of excita- 
tion of more than one type of sensory receptor 
Nor are the interactions among receptors 
simply additive Depending upon relative con- 
centrations, the application of a sugar solution 
to one region of the tongue may enhance the 
sensitivity to salt stimulation in another region 
of the tongue or inhibit it A low concentration 



Solution temporaturo (^C) 

Fig 8 122 Relationship between taste sensitivity 
of human subjects and temperature of taste solutions 
Curves represent results for 27 Japanese girls Most 
showed maximum sensitivity to salt and sugar between 
30° and 40° C Half showed a maximum for their sensi- 
tivity to acid and bitter and the remaining half showed a 
regularly declining sensitivity to acid and bitter with in- 
creasing temperature (Sato, 1963) 
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of sugar results in enhancement while a high 
concentration results in inhibition (Bujas, 
1934) Whenever relatively large regions of the 
tongue are stimulated, interaction effects may 
be expected no matter \\hat the stimulus 
Nonetheless, it is possible that some stimuli 
do afford a taste sensation which is of a funda- 
mental character, that is, basic to the specific 
receptors for one of the four fundamental taste 
modalities von Bekesy (1966) has suggested 
that hydrochloric acid may be such a stimulus 
for “sour,” and that quinine may be such a 
stimulus for ‘'bitter ” The subtle differences in 
taste for different forms of sugars suggest that 
none of these may elicit the fundamental taste 
In any case, it might be difficult to distinguish 
which sweet taste is most nearly representative 
of the fundamental One device which has 
been employed by von Bekesy to answer the 
question is to adapt the tongue strongly with 
solutions of salty, sour, and bitter substances 
before applying sweet solutions This proce- 
dure results in a more uniform sensory effect 
of the sweet stimulation which is somewhat 
different from that elicited by any of the sweet 
tasting substances without preadaptation, and 
may provide a method of experiencing the 
fundamental quality of “sweetness ” 

Differences in the studies of the response of 
individual papillae to chemical stimulation by 
Kiesow (1898) and von Bekesy (1966) may be 
explainable in terms of a difference m method- 
ology von Bekesy was very careful to keep the 
tongue’s surface relatively dry He lifted the 
papillae to be stimulated out of the surface of 
the tongue with a suction tip before applying 
the chemical solution to their sides He ob- 
served that the solution remained in place 
after application without flowing out and pro- 
viding possible contact with other papillae He 
explains this on the basis of the argument that 
the tissue is relatively viscous at its surface 
and impedes the flow of liquid Were the sur- 
face moist, a drop of solution would flow out 
rapidly and come in contact with other recep- 
tors This may have occurred m Kiesow’s 
work Where von Bekesy found individual pa- 
pillae to be, m general, responsive to only one 
set of stimuli and productive of only one taste 
quality experience, Kiesow found such exclu- 
sively responsive papillae to be in the mi- 
nority None was found which responded ex- 
clusively to bitter stimuli The work of von 
Bfek^sy IS the only work which does report ex- 
clusive sensitivities 


ELECTRICAL STIMULATION OF THE TASTE 
RECEPTORS 

Electrical stimulation has long been known 
to be effective m the production of taste sensa- 
tion With DC stimulation and the anode 
placed on the tongue, the taste is alkaline 
This result is attributed to electrolysis and the 
change in concentration of cations and anions 
in the region of the electrode when its polarity 
IS reversed An alternating current has been 
employed m an effort to reduce the electrolytic 
effect and determine whether direct electrical 
stimulation may elicit taste With relatively 
large electrodes, there is a clearly discernible 
change m the quality of the taste sensation 
provoked with a change m the frequency of 
stimulation At very low frequencies, a salty 
taste may be elicited, at intermediate frequen- 
cies, the taste will be sour, and at high fre- 
quencies, the taste changes to bitter (von 
Bekesy, 1964b) On the other hand, when the 
diameter of the stimulating electrode is greatly 
reduced, a unitary taste experience is pro- 
voked, quite independent of frequency These 
relations are illustrated in Figure 8 123 

von Bekesy (1964b) used short, pulsatile 
stimuli of 0 5 -msec duration in order to mini- 
mize electrolytic effect With a small, gold- 
tipped electrode, it was possible to stimulate 
individual papillae These proved chemically 
responsive to only one taste substance, salt, 
acid, bitter, or sweet, or to nothing No re- 
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Fig 8 123 Relation of taste quality to frequency of 
electrical stimulation for each of three stimulating elec- 
trodes The quality of taste is seen to change from salty 
through sour to bitter with a 70mm ^ electrode iA) the 
transition is from sour to bitter for a 3-mm diameter 
electrode iB) and taste quality is consistently sour for 
a 03-mm diameter electrode (C) With the small elec 
trode changes in quality could be achieved by selective 
stimulation of different papillae (von B§k6sv 1 964b) 
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spouse to more than one stimulus was found 
except in the case of the double papillae which 
have been described above These all proved to 
be combinations of salt and acid sensitivity 
The response of a given papilla was always 
consistent and was never found to change with 
a change in the location of stimulation on its 
surface Under the conditions of stimulation 
employed, a taste sensation was evoked only 
with a positive electrode This suggests that 
taste induced under a cathode must be attrib- 
uted to ionization effects With small elec- 
trodes and repeated short pulse stimulation, 
changes in the nature of the taste with in- 
creased current did not parallel those changes 
found with increased chemical concentration 
On the other hand, with large electrodes em- 
ployed under conditions where electrolytic ef- 
fects may be prominent, changes in taste were 
found to be the same for comparable changes 
in current or the concentration of a stimu- 
lating solution 

Using two stimulating electrodes on dif- 
ferent papillae, von Bek6sy was able to show 
summative effects when papillae of the same 
character were stimulated, and inhibitory ef- 
fects for stimulation of papillae representing 
different taste dimensions, for example, bitter 
and sweet These results suggest lateral inter- 
action effects which may be either excitatory 
or inhibitory depending on the nature of the 
receptors involved The qualitative nature of 
the tastes elicited by electrical stimulation 
were comparable for salty, sour, and bitter 
with tastes produced by appropriate chemical 
stimuli for these qualities On the other hand, 
the subjective taste quality for stimulation of a 
“sweet” papilla differed from the taste elicited 
by the various sugars It was roughly compara- 
ble, however, to the taste elicited by sugar 
after preadaptation of the tongue with bitter, 
sour, and salty solutions as described above 

Theories of Taste Sensitivity 

It IS not yet possible to argue with complete 
conviction for four distinct receptor types 


which correspond to the four fundamental 
taste qualities generally recognized Nonethe- 
less, for the human taste process, this seems 
the most attractive of the various possibilities 
It IS evident that there are interactions among 
the individual taste receptors within the 
tongue, and probably also within the other 
mucosal surfaces in which taste buds are 
found Taste buds having qualitatively dif- 
ferent response characteristics must converge 
on single primary neurons It is, thus, the pat- 
tern of response m the population of neurons 
which mediate taste which determines the 
quality of taste (Adrian, 1963) The assignment 
of a critical role to pattern of response m a 
population of fibers is almost certainly correct, 
at least for any but simple tastes, whether one 
accepts the notion of four fundamental recep- 
tors or subscribes to the idea that there may be 
a variety of combinations of receptors (Enk- 
son, 1965) It is only the two experiments of 
von Bekesy (1964b, 1966) which provide direct 
support for four unique receptors corre- 
sponding to the four fundamental taste quali- 
ties, but these experiments appear to have 
been carefully executed and are relatively con- 
vincing They stand in opposition to work 
which was performed on mfrahuman orga- 
nisms (Kimura and Beidler, 1961) As von 
Bekesy has pointed out (1966), it is reasonable 
to expect taste to be mediated by a selective 
chemical action on different organs of taste 
Certain drugs which impair taste do so selec- 
tively Gymnemic acid (Shore, 1892) extm- 
guishes sensitivity to sweet and bitter sub- 
stances with little if any effect on sensitivity 
to salty and sour stimuli Cocaine abolishes all 
taste but the different qualities disappear se- 
quentially in the order of bitter, sweet, salty, 
and sour These facts may be argued to sup- 
port the notion of four fundamental taste re- 
ceptors, although they are clearly not conclu- 
sive arguments As indicated above, however, 
the pattern of responses in individual fibers is 
also compatible with the notion of four inde- 
pendent peripheral receptors 
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Like taste, the sense of smell is a chemical 
sense Perhaps it is even a purer chemical 
sense than is taste As we have seen, the 
‘ taste” of a food is influenced by tactual stim- 
ulation dependent upon the texture and other 
physical characteristics of food, as well as its 
odor and its capability for stimulating pain 
endings which give rise to activity in the tri- 
geminal fibers The contributions of other sen- 
sory systems to “smell” are somewhat less 
This is true for two reasons In the first place, 
the chemical sense of smell is very much more 
sensitive than that of taste Secondly, the 
sense of smell is aroused by chemical material 
suspended in the air we breathe, and hence, 
textural qualities are nonexistent It is true 
that some odors are accompanied by stimula- 
tion of the common chemical sensory system 
mediated by the trigeminal nerve, in which 
case we may characterize odors as “pungent” 
or sharp In at least one case, it is probably 
true that what we believe we are smelling we 
are in fact tasting This is so for chloroform, 
which stimulates the taste buds at lower levels 
of concentration than those required for stimu- 
lation of the olfactory receptors Although the 
conscious concomitants of smell are relatively 
unspecific compared with the senses of vision 
and hearing, the sense is an extremely impor- 
tant one for the adaptation of the organism to 
its environment For many organisms it plays 
an important role m preservation of both the 
individual and the species Olfactory stimuli 
may be paramount as sexual signals for insects 
and lower animals Although very much more 
subtle, and probably not requisite for survival, 
they also play a role m this capacity for the 
human Information as to the presence of 
enemies is provided by the olfactory mecha- 
nism along with information for the predator 
which aids him in finding food Food-seeking 
m many species is partially dependent upon 
the characteristic odors of appropriate food- 
stuffs 


S'jrrt'Tiis 

Although it IS very difficult to obtain quanti- 
tative data on the subject, olfactory stimuli are 
recognized, for human subjects, to have ver} 
strong associative links with past experiences 
The way in which a characteristic odor ma\ 
evoke recollection of places and events of the 
past with remarkable clarity is a fairly 
common experience 

A common problem with the chemical 
senses is the difficulty of characterizing the 
stimulus with respect to those aspects of its 
nature which determine both the quality and 
the intensity of the sensory experience In gen- 
eral, intensity is related to concentration, but 
there may be qualitative changes associated 
with changed concentration as well as intensi- 
tive changes In addition, different stimuli, 
having more or less intense sensory effects 
cannot easily be categorized in terms of their 
physical action on the receptors of the system 
Some substances are particularly effective in 
stimulating the olfactory sense These include 
mercaptan and artificial musk which can be 
detected when present in the amount of one 
part to several billion parts of the air inspired 
Other particularly effective stimuli include 
butyric acid, iodoform, and oil of peppermint 
It has been estimated that little more than 4 x 
10"^^ mg of methyl mercaptan/cm ^ of air can 
be detected, and approximately 4 x 10~® 
mg /cm ^ of artificial musk is sufficient for 
discrimination of the presence of this material 
The difference in sensitivity of the sense of 
taste as compared with that of smell is exem- 
plified by the fact that the concentration of 
ethanol in solution on the tongue must be 
nearly 25,000 times as great as the concentra- 
tion of this material required to stimulate the 
olfactory sense A relatively small increase in 
the concentration of alcohol, perhaps by a 
factor of 3 over that which just stimulates 
taste, results m a burning sensation by reason 
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of the stimulation of the receptors for common 
chemical sensitivity and the resulting trigem- 
inal excitation The concentration of ethanol 
which can be smelled must be increased nearly 
60,000 times before an acrid sensation is 
elicited in the nostrils 

physical properties of olfactory 

STIMULI 

In order to be carried to the olfactory recep- 
tors, a potential stimulus must be present in 
air Thus, there is a relation between the vola- 
tility of a material or its vapor pressure and its 
effectiveness as an olfactory stimulus This 
relation is by no means perfect, however Cer- 
tain materials, such as musk, have a relatively 
low volatility, and yet are characterized by a 
very prominent odor Apparently, this results 
from a very high effectiveness of the molecule 
of the substance as a stimulus 

Stimulation of the receptor cells m the olfac- 
tory mucosa cannot be accomplished unless 
the stimulants can penetrate the aqueous bar- 
rier presented by mucus Effective stimuli are, 
thus, also water soluble In order to penetrate 
receptor cells themselves, they must also be 
lipoid or fat soluble Effective stimuli do have 
high lipoid solubility and it is, therefore, con- 
cluded that solubility in the receptor cell sub- 
stance IS a requisite characteristic There are 
homologous chemical series, such as alcohols, 
where solubility changes as a function of posi- 
tion in the series The lower alcohols are highly 
water soluble, where higher alcohols have a 
lesser water solubility but high lipoid solu- 
bility It turns out that those alcohols in the 
middle of the series with fairly high solubility 
in both water and lipoid have the strongest 
odor Examples of compounds having good 
solubility in both media include chlorobenzol, 
brombenzol, ether, and citral Comparisons of 
various materials suggest that lipid solubility 
may be slightly more important than water 
solubility in determining the effectiveness of a 
stimulus 

There are other physical characteristics of 
materials which appear to be related to their 
effectiveness as stimuli for the olfactory mech- 
anism So far, howevei, none of these has per- 
mitted any clear-cut theoretical interpretation 
of the nature of the olfactory process For 
example, it was first noted by Faraday that 
strongly odorous materials are also character- 


ized by relatively strong absorption in the in- 
frared region of the electromagnetic spectrum 
The refractive indices of many odorous mate- 
rials tend to be very close to a value of 1 5 In 
addition, the Raman shift of odorous sub- 
stances tends to be confined to a range of 140 
to 350 nm 

CHEMICAL COMPOSITION OF ODOROUS 
MATERIALS 

There are certain chemical relations among 
substances which are associated with their 
effectiveness as odorous stimuli For example, 
ethyl, propyl, and butyl acetates all have a 
characteristic acetic odor Amyl acetate, on the 
other hand, does not Aspects of the character- 
istic pineapple odor of amyl acetate can be 
detected in butyl acetate, however, and the 
acetic odor is relatively weak in butyl acetate 
In propyl acetate, the pineapple odor is detect- 
able but the acetic odor is very much stronger 
In ethyl acetate, the acetic odor predominates 
Thus, although ethyl acetate and amyl acetate 
smell quite dissimilar, there is a discernible 
transition from the odor of one to the other 
through the series of acetates 

There are many quite dissimilar chemical 
compounds which may have very similar 
odors On the other hand, identical chemical 
compounds which differ only in the physical 
conformation of the molecule may have very 
different odors This has given rise to the spec- 
ulation that the shape of the molecule may be 
a determining factor in its ability to elicit a 
sensation of odor Such an idea was first put 
forward by Lucretius (Amoore et al , 1964) It 
has been explored quantitatively m more re- 
cent times and is discussed further below 

Of the approximately 30 elements which are 
found in a free state in nature, all are without 
odor When heated, arsenic evokes the odor 
characteristic of garlic but it is odorless as 
found naturally Relative position of an ele- 
ment in the periodic table appears to have 
some relation to its odor- producing capability 
m compounds Sulfur, selenium, and telunum 
are all m the sixth group of the table and when 
combined with hydrogen, methyl, or ethyl 
groups have disagreeable odors The halogens 
are all in the seventh group of the periodic 
table These are associated with a variety of 
odorless compounds The compounds which 
stimulate the sense of smell tend to be organic, 
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but this IS not an invariable rule To date, no 
clearly specifiable dimension of a chemical 
stimulus has been identified which will permit 
the specification of either its quantitative or 
qualitative effectiveness as an odorous stim- 
ulus 

Our language is rich in words for the charac- 
terization of odor Odors may be pleasant or 
unpleasant as well as relatively neutral, and in 
each of these classifications there are wide 
qualitative variations It has been estimated 
that man can distinguish literally thousands of 
different odors (Wright, 1964) An odor which 
IS not unpleasant may, in increased concentra- 
tion, become unpleasant although some aspect 
of its nature is recognized as qualitatively the 
same 

There have been many attempts at the clas- 
sification of odors Such efforts are usually 
motivated by the hope that they will provide 
clues as to the nature of the odor discrimina- 
tion process, perhaps identifying primary re- 
sponses from which all of the variations in this 
sensory dimension are compounded One of 
the first to develop a set of “primary” odor 
characteristics was Linnaeus in the 18th cen- 
tury His listing was elaborated by Zwaarde- 
maker (1925) who proposed nine different cate- 
gories The basis of his proposal was purely 
subjective, but this alone is no reason to dis- 
miss it Subjective evaluations of sensory expe- 
rience may provide important clues to the 
physiological bases of sensory processes A 
later classification proposed by Henning in- 
cluded six primary odor qualities, five of which 
corresponded to five of those proposed by 
Zwaardemaker (Henning, 1916) Another mod- 
ification, the Crocker-Henderson system, re- 
duced the number to four, three of which cor- 
responded to three of Zwaardemaker’s pri- 
maries and one of which (acid) was new (Geld- 
ard, 1953) It would seem more appropriate to 
include acid as a taste quality than a smell 
quality More recently, Amoore (1952), on the 
basis of a count of the frequency with which 
various chemical compounds are characterized 
as having a certain odor, arrived at a list of 
seven primary odor qualities. Of these, five are 
found in the earlier list of Zwaardemaker 
These qualities are presented m Table 8 6 It 
IS mteresting to note that only in the case of 
fragrant or flowery is there agreement among 
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Comparison of several classifications of the primary quali- 
ties of odor 
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all four of the odor classifications None of the 
classifications provides sufficient numbers of 
primaries to permit the range of qualitative 
discriminations of which the olfactory sense is 
capable, according to Wright (1964) The basis 
for discrimination of odors remains unknown 
It IS the hope of investigators in this held that 
patterns may emerge which will reveal rela- 
tionships among some aspect of the physical 
stimuli, the neural activity engendered within 
the olfactory system, and the qualitative de- 
scription of the odor experience No satisfac- 
tory categorization of primary odors exists at 
the present time 

The Olfactory System 

PERIPHERAL RECEPTORS 

Olfactory receptors are located within the 
olfactory epithelium high in the nasal cavity 
The olfactory epithelium is continuous with the 
nonsensory nasal mucosa, but brownish -yellow 
in color due to pigmentation of the supporting 
cells which it contains This sensory surface is 
approximately 250 mm ^ in area within each 
nostril and lines the olfactory cleft Its location 
is illustrated in Figure 8 124 

The position of the olfactory mucosa is such 
that it may not be exposed to the molecules 
carried by inspired air on each inspiration It 
has been suggested that the molecules of 
odorous materials, which are usually volatile, 
may reach the olfactory mucosa by diffusion 
It seems unlikely that this is a major basis 
for the mediation of the olfactory response, 
however Diffusion is certainly of importance, 
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Fig 8 124 Parasagittal cross-section of the head 
showing the three turbinate bones the olfactory area 
and the termination of the endings of nerves from the 
olfactory bulb in the olfactory epithelium The passage 
of air bearing odorous substances is shown by arrows 
(Amoore et al 1 964) 

but maximum exposure of the olfactory 
epithelium to odorous materials requires an 
inspiration of more than average forcefulness, 
or a “sniff ” Odorous molecules are carried 
into the region by eddy currents, primarily on 
inspiration Stimulation of the olfactory mucosa 
may also occur on expiration It is possible that 
some of the contribution of the odor sensing 
system to the dimensions of taste occurs dur- 
ing expiration when food is being chewed 
The receptoi' cells of the olfactory system 
which reside in the olfactory epithelium are 
relatively primitive Unlike many other receptor 
cells, they serve both as primary receptors 
and primary neural connections to the next 
higher level of the nervous system An illustra- 
tion of the cells of the olfactory mucosa based 
on electron microscopic examination of this 
tissue IS presented in Figure 8 125 Supporting 
cells, the sustentacular cells, mingle with 
the receptor cells The latter may be dis- 
criminated from the supporting cells by their 
longer projection beyond the limiting mem- 
brane of the epithelium, and by their relative 
lack of endoplasmic reticulum The enlarged 
terminal “rod” of each sensory cell supports 
between 6 and 12 cilia on its exposed surface 
in a sepal-like arrangement Microvilli are 
formed by the plasma membrane, and the cilia 
of the rods are enmeshed in these The cilia 
are bathed in a fluid secreted by Bowman’s 
glands In addition to the columnar supporting 


cells and the terminal rod of the receptor den- 
drites, there are basal cells in the olfactory 
epithelium Trigeminal nerve endings have also 
been identified in this region The cilia can be 
shown to move, and their motion is enhanced 
when the mucal substance m which they are 
surrounded is washed away (Tucker, 1967) 
The cilia are apparently unnecessary for recep- 
tor function, however, and the significance of 
their number, their orientation, and their move- 
ment is unknown In the rabbit at least, it has 
not been possible to make any clear cut 
structural differentiations among the olfactory 
rods (de Lorenzo, 1963) Differentiations have 
been sought in the hope that they might pro- 
vide clues to the nature of the discrimination 
process The only possible basis for classifica- 
tion is the fact that these terminals may con- 
tain either a relatively high concentration or a 
relative paucity of mitochondria 

The primary receptor cells are bipolar cells, 
the axons of which are of relatively small di- 
ameter, of the order of 0 2 /x in the rabbit In- 
dividual fibers are gathered into small bundles 
of fascicles which conduct afferent signals 
upward to the olfactory bulb (de Lorenzo, 
1963) Removal of the olfactory bulb in the rat 
results in complete degeneration of the olfac- 
tory neurons (Sen Gupta, 1967) 

Electrical Activity of the Olfactory 
Mucosa. When the olfactory mechanism is 
appropriately stimulated it is possible to re- 
cord a negative potential at the olfactory epi- 
thelium with a gross electrode (Ottoson, 1963a) 
This is presumably a reflection of local 
graded potentials within individual cells of a 
population of cells which are responding to the 
stimulation (Ottoson and Shepherd, 1967) 
This potential was reported by Ottoson in 1956 
and IS sometimes called the Ottoson potential 
(Fig 8 126) More commonly, however, it is 
known as the electro-olfactogram or osmogram 
(EOG) In as much as the small diameter of 
the individual fibers of the olfactory receptors 
made it difficult to record from individual 
units until very recently, the EOG has pro- 
vided a useful index of the responsiveness of 
the olfactory system to stimulation More re- 
cently, however, it has been possible to record 
the pattern of spike activity in single units 
with microelectrodes (Gesteland et al , 1963) 
In the frog, unit responses were recorded with 
metal microelectrodes (Fig 8 127) The resting 
level of activity was found to be extremely low. 
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Fjg 8 125 Olfactory mucosa showing the relationships of various cell types based on electron microscopic obser- 
vations {de Lorenzo 1963) 


and in many units, there appeared to be no 
resting level of activity at all On the basis of 
mode of response to different odorants, eight 
groups of units were identified from a large 
number of individual unit recordings These 
eight groups represented typical response pat- 


terns to the different stimuli There was con- 
siderable overlapping of response to different 
stimuli but, nonetheless, the patterns were 
considered sufficiently distinctive to permit 
such classification Bursts of spikes which 
lasted from 1 to 4 sec appeared at rates of up 
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to 20 spikes/sec Later work (Lettvin and 
Gesteland, 1965) confirmed the earlier conclu- 
sion that individual units within the olfactory 
epithelium are differentially responsive to dif- 
ferent stimuli It appears, however, that the 
earlier eight classes which were distinguished 
may be too few In the more recent paper it is 
suggested that there are at least 10 different 



Fig 8 126 Electro-olfactograms (EOG) to different 
types of stimulation A amyl acetate B butanol C oil 
of cloves The vertical line represents 1 mv and the time 
bar represents a duration of 1 sec (Ottoson 1956) 


kinds of ordering of activity, and probably less 
than one million kinds of ordering Obviously, 
the authors are not yet willing to be very spe- 
cific For any odor employed as a stimulus, it 
was always possible to find at least one unit 
stimulated to a high level of activity, and an- 
other stimulated hardly at all or possibly even 
depressed 

CENTRAL CONNECTIONS IN THE 
OLFACTORY SYSTEM 

Axons of the bipolar cells, whose dendritic 
terminals are the olfactory rods or primary 
receptors of the system, cross the lamina pro- 
pria and join with other axons to form strands 
of some 20 fibers These ascend in grooves of 
the ethmoid bone, penetrating the cribriform 
plate enroute to the olfactory bulb The axonal 
terminations of these fibers consist of tufted 
filaments which synapse with the dendritic 
terminations of cells of the olfactory bulb 
These terminations are enlarged filamentous 
bodies known as glomeruli Connections may 
be with tufted cells, the cell bodies of which 
are somewhat superficially located, or with 
mitral cells whose cell bodies are deeper within 
the structure of the ^ olfactory bulb Granule 



Fig 8127 Impulse responses to geraniol ethyl butyrate amyl alcohol benzaldehyde benzonitrite and musk 
xylene All sweep lengths are of 10-sec duration The slow potential is discriminated only for geraniol the other stimuli 
being too small Several different units may be discriminated on the basis of amplitude of response (Gesteland et al 
1963) 
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cells are located near the center of the olfac- 
tory bulb m the core white matter Early mi- 
croscopic studies suggest that axonal branches 
from mitral cells reflect back upon the layer of 
synaptic terminations of the primary cells 
These cells may be responsible for inhibitory 
processes which have been observed in the ol- 
factory bulb Connections have been reported 
between mitral and granule cells m both direc- 
tions The action of mitral cells on granule 
cells appears to be excitatory, while the reverse 
relation results in inhibitory action (Rail et al , 
1966) Fibers from tufted cells and from mitral 
cells project from the olfactory bulb, exten- 
sions of some of these fibers form the myeli- 
nated fibers of the olfactory tract Section of 
the olfactory tract results in the degeneration 
of fibers from mitral cells, but not of those 
from tufted cells This suggests that the mitral 
cells alone are the secondary neurons which 
send projections centrally from the bulb Fi- 
bers from the tufted cells may cross to the 
opposite side of this bilaterally symmetrical 
organ 

Connections within the olfactory bulb as 
well as cross connections between the two 
hemispheres are relatively complex There 
appears to be a plexiform arrangement of fi- 
bers arising out of the olfactory epithelium and 
consequently no point-to-point correspondence 
between regions of the epithelium and the bulb 
itself For the rabbit, it has been estimated 
that there are ) approximately 1000 primary 
nerve endings /mitral cell (Rail et al , 1966) 
von Bekesy has suggested that the interac- 
tions mediated by lateral interconnections of 
the two hemispheres provide an olfactory an- 
alog of the mechanisms of localization in 
hearing (1964a) 

The electrical activity of the olfactory bulbs 
has been studied extensively by a number of 
investigators Adrian (1951) reported some 
stimulus specificity associated with different 
regions of the olfactory bulb Heptane and 
other related chemicals were found more effec- 
tive in stimulation of the posterior regions of 
the bulb, while amyl acetate and related sub- 
stances were more effective in the stimulation 
of the anterior region Thus, fruity substances 
are believed to be associated with anterior 
stimulation and oily substances with posterior 
stimulation Recordings were made extracellu- 
larly with microelectrodes The fact that there 
is some topological relation between the bulb 
and the olfactory mucosa, even though it is not 


a point-to-point relation, suggests a spatial 
organization of response properties at the level 
of the olfactory epithelium This work has been 
confirmed and extended by Mozell and Pfaff- 
mann (1954) and Mozell (1958) The regional 
specificities were found to be maintained with 
variation in the concentration of the stimu- 
lating substances In more recent investiga- 
tions of this problem with chronic implants in 
the rabbit, Moulton (1963, 1965) obtained re- 
sults which lead to the conclusion that there is 
spatial and temporal patterning, but he was 
unable to make any generalization concerning 
the relative effectiveness of the different odor- 
ants employed in the stimulation of the var- 
ious regions of either the peripheral epithelium 
or the olfactory bulb 

The presence of efferent fibers which appear 
to regulate the level of response at the olfac- 
tory bulb serves to complicate the problem of 
understanding the olfactory mechanism 
(Cragg, 1962, Kerr and Hagbarth, 1955) 
Moulton (1965) was able to obtain much less 
variable responses from the bulb after sec- 
tioning of the anterior olfactory regions 
through which efferent fibers passed to the 
bulb Regulatory effects on the olfactory 
system may also be mediated by extrabulbar 
efferent pathways There are autonomic fibers 
which innervate the olfactory mucosa inde- 
pendent of any bulbar connections (Tucker 
and Beidier, 1956) 

Classically, the central projections from the 
olfactory bulb have been assumed to go to the 
rhmencephalon, or “smell brain ” It is now 
known that this region of the brain, the limbic 
region, is concerned to a much greater degree 
with emotional states and affect than with the 
processing of olfactory information The myeli- 
nated fiber bundle comprised of axons of the 
mitral cells makes up the olfactory tract which 
courses caudad under the frontal lobes Unlike 
any other major sensory pathways there is 
apparently no stage which passes through the 
thalamus Connections from the olfactory 
bulbs appear to be to the prepiriform area, to 
parts of the amygdaloid complex, and to the 
olfactory tubercle Contrary to earlier belief, 
there are no direct connections to the hippo- 
campus or the septal area It also appears that, 
although they seem to be closely related in 
sensory experience, there are no significant 
cortical interrelations of the sensory systems 
for taste and smell 

The olfactory bulb seems to have a promi- 
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nent role in a sensory discrimination of a non- 
olfactory nature It has been demonstrated 
that x-irradiation provides a very effective dis- 
criminative stimulus for the control of animal 
behavior In addition, x-irradiation may give 
rise to arousal from sleep or changes in the 
electroencephalogram (EEG) pattern (Kimel- 
dorf and Hunt, 1965) The part of the body 
which mediates the response to such radiation 
has been localized in the rat to the olfactory 
bulb (Hull, et al , 1965, Dine and Smith, 1966, 
and Brust-Carmona et al , 1966) Similar re- 
sults have been found for the monkey (Taylor 
et al , 1968) 

Studies of Olfaciion 

PSYCHOPHYSICAL EXPERIMENTS 

Precise measurements of the stimulus quan- 
tity necessary for the induction of an olfactory 
sensation are quite difficult There is no gener- 
alized intensity dimension such as exists in the 
case of vision and hearing One can only deal 
with the concentrations of various chemical 
stimuli, each of which has its own unique ac- 
companying qualitative sensation A variety of 
techniques has been developed for the meas- 
urement of olfactory thresholds One of the 
first devices used for such purposes was the 
olfactometer of Zwaardemaker (1925) This 
consisted of a glass tube inserted into another 
tube which was porous and impregnated with 
an odorous substance By varying the extent to 
which the smaller tube was inserted into the 
larger one it was possible to vary the length of 
the larger tube through which the inspired air 
was drawn before it reached the nostrils This 
provided a crude control over the concentra- 
tion of odorous material in the inspired air 
Zwaardemaker was able to utilize this device 
for the comparative evaluation of the thresh- 
olds of a number of materials 

Much more sophisticated devices have been 
developed since this early technique was em- 
ployed Elsberg and Levy (1935) utilized a de- 
vice in which the amount of stimulus-bearing 
air was controlled The vessel containing the 
stimulating substance was compressed and a 
stimulus was presented in a controlled puff to 
the subject One problem with this procedure 
is that the sudden application of pressure to 
the nostrils provides additional sensory stimu- 
lation in a nonolfactory dimension It is pos- 
sible that the active sniffing of a subject is a 
better procedure Moreover, the control of this 


procedure from time to time and between indi- 
viduals is anything but exact Rather compli- 
cated olfactometers have been developed in 
recent years (Johnston, 1953) These provide 
for the mixture of known concentrations of 
odorous material with purified air containing 
controlled amounts of moisture (Fig 8 128) 
Rotameters permit the precise control of the 
mixture of various components Subjects may 
be trained to open the nasal passages so that 
air is permitted to flow through the nose and 
down into the mouth continuously A con- 
trolled volume presented at a specific flow rate 
may be employed A normal sniff is probably 
equivalent to between 50 and 100 cm ^ and 
some amount in this range may be adopted as 
a standard 

It is extremely important to control environ- 
mental conditions, it was demonstrated long 
ago that prolonged exposure to relatively pure 
air prior to the measurement of threshold re- 
sults m a significant lowering of threshold, by 
25% on the average for a large number of sub- 
stances (Komuro, 1921) An elaborate shielded 
enclosure has been devised for the complete 
control of the ambient air (Foster et al , 1950) 
Studies are undertaken m which stimuli may 
be presented to one nostril or to two nostrils, 
or different stimuli may be presented on the 
right and the left side at the same time 

As indicated above, the threshold concentra- 
tions required for the detection of odors are 
exceedingly small Even so, the number of 
molecules in a cubic centimeter at these low 
concentrations may be rather large Neuhaus 
(1954) has estimated that at threshold there 
are 4 x 10® molecules of ethyl mercaptan in 
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Fig 8 128 An olfactometer which permits the mix- 
ture of odors in precise proportions prior to their delivery 
to a nose cone for sampling Air may be bubbled through 
liquids to pick up odorous molecules and then diluted 
with pure air or mixed with air carrying other odors 
(Amoore et al 1964) 
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each cubic centimeter of the inspired air It is 
of interest to consider the number of molecules 
and receptors which contribute to the detec- 
tion of odor Computations made by DeVries 
and Stuiver (1961) suggest that on the order of 
eight molecules must stimulate each nerve 
ending, and 40 nerve endings must contribute 
to the neural activity which is transmitted 
centrally before an olfactory sensation will 
arise The large individual differences in struc- 
ture of the nasal cavity make such computa- 
tion highly approximate at best 

No measure of olfactory sensitivity is any 
better than the care which has been taken in 
the purification of materials employed for the 
purpose Wright (1964) has shown that odors 
associated with some substances may disap- 
pear when the substances are utilized in a 
highly purified form 

The measurement of olfactory thresholds has 
been shown to bear some relation to tumors 
with a highly specific location If a tumor is 
located m the lower region of the frontal lobe, 
thresholds for odorous substances may be 
raised and, following exposure to odorous ma- 
terials, a longer time may be required for re- 
covery of sensitivity than is true for the 
normal In certain cases of hysteria, with in- 
creased intracranial pressure, or in the initial 
stages of the action of cocaine, olfactory 
thresholds may be lowered 

As IS true with all sensory dimensions, an 
increase in the background level of stimulation 
is associated with an increase m the amount of 
the increment which can be detected against 
the background Direct proportionality of the 
increment to the background holds over a lim- 
ited range m many sense modalities and, al- 
though only an approximation, is known as the 
Weber-Fechner “Law ” This is also true m ol- 
faction Here, as with other senses, the ratio is 
relatively higher at low levels and tends to 
reduce as the background level of stimulation 
is increased, leveling out at the higher concen- 
trations, and then increasing again The con- 
centration of the increment must be from two 
times to one and one-third times that of the 
background to be detected The discrimination 
sensitivity in olfaction is, thus, not very keen 

Adaptation of the olfactory mechanism oc- 
curs with prolonged exposure to odor Unlike 
the visual or the auditory sense, the olfactory 
sense frequently adapts out entirely That is to 
say, when it is maintained in a given concen- 


tration, a specific odorous material may be 
come completely undetectable after an appro 
priate length of exposure Complete adapta 
tion to a substance called cumarin m a 0 2*7 
aqueous solution occurs m approximate^ 2 
min Threshold for detection of the chemical 
following adaptation may be elevated for as 
long as several hours Adaptation effects may 
include a central component (Moulton, 1963) 

The adaptation is a selective process That 
is, adaptation to one substance does not neces 
sarily elevate threshold for other substances 
This suggests that whatever the basis of adap- 
tation, it involves receptors or pathways which 
are themselves qualitatively selective m func- 
tion It IS obviously not some kind of general- 
ized “fatigue ” In some instances, the qualita- 
tive aspect of sensation changes with adapta- 
tion For example, during the process of adap- 
tation, the odor associated with lonone changes 
from that of cedarwood to the faint odor of vi- 
olets, while the odor of nitrobenzol changes 
from that of bitter almonds to a tarry smell 
(Geldard, 1953) 

One approach to the study of the olfactory 
process might be to determine very carefully 
the way in which thresholds for the detection 
of various substances are elevated by adapta- 
tion to other substances This would permit a 
kind of functional linking of various com- 
pounds in terms of their probable action on 
the same receptor sites within the olfactory 
system Smelling of camphor to the point of 
adaptation results in the elevation of threshold 
for a number of other substances including oil 
of clove, oil of eucalyptus, and ether, but does 
not influence the threshold for benzaldehyde 
Adaptation to benzaldehyde does not influence 
the threshold for camphor It seems reasonable 
to assume that these substances are not inter- 
acting with the same sensory terminations in 
the olfactory epithelium 

Another aspect of odor which might provide 
useful clues as to the nature of the olfactory 
process relates to the way m which different 
odors combine Such information is almost 
entirely subjective and must, therefore, be 
qualified accordingly, but it would seem that 
there are at least four possibilities as to the 
method of combination odors characteristic of 
two substances may fuse into a new and “uni- 
fied” odor which may have recognizable as- 
pects related to either or both of the compo- 
nents, the odor associated with the combina- 
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tion of two substances may be recognizable as 
a blend of the two much as a combination of 
notes, there may be an alternation of ascend- 
ance of one or the other component when two 
substances are mixed with respect to the pre- 
vailing sensation of odor, and one component 
of a pair may completely mask any response to 
the other component There has been some 
question as to whether a fifth possibility may 
be entertained, that is that two odors in com- 
bination may completely neutralize each other 
According to Zwaardemaker (1925), this is a 
possibility but the components must be rela- 
tively weak in concentration Others have 
argued against the possibility of any physiolog- 
ical combination which results m neutraliza- 
tion (Henning, 1924) 

The highly subjective nature of odors and 
their tremendous range of qualitative variation 
limits the way in which they may be studied 
with animals The obvious approach is one of 
determination of threshold for various mate- 
rials, there is a wealth of literature on this par- 
ticular subject (Wright, 1964) It is clear that 
many animals are far better endowed than is 
man for the detection and discrimination of 
odors For certain substances, such as acetic 
acid and butyric acid, for example, dogs are 
capable of detecting concentrations lower than 
that required by man, by as much as a million 
to a hundred million times There is also evi- 
dence that the qualitative range of discrimi- 
nable odors is appreciably broader for some 
animals than it is for man The survival value 
of the olfactory process is obviously of greater 
significance to these organisms than in the 
case of man Actually, the olfactory mecha- 
nism of man himself is probably far more sen- 
sitive and selective in its discrimination ca- 
pacity than IS necessary in a civilized world 
There is undoubtedly a great deal more infor- 
mation available to us in the olfactory realm 
than we utilize or than we need Such informa- 
tion, however, may have been of the highest 
significance for our forebears 

Just as color blindness has provided us with 
some important clues as to the nature of the 
color discrimination process, so a comparable 
condition in olfaction may afford clues as to 
the nature of olfactory discrimination This is 
the condition of selective anosmia Some per- 
sons show a selective loss for the detection of 
odors characteristic of specific substances One 
of these is hydrogen cyanide This has long 


been associated with some form of genetic de- 
termination, although this has recently been 
called in question (Brown and Robinette, 1967) 
Selective loss of sensitivity may mean a ge- 
netically determined lack of a specific type of 
receptor or a unique chemical balance which 
precludes the detection of certain odors or any 
of a number of other possibilities The system- 
atic study of the condition would appear to be 
of potential value (Amoore et al , 1968) Guillot 
(1948a and b) and LeMagnen (1948) have dem- 
onstrated that some individuals have specific 
anosmias for certain musky odors and not for 
others This is of particular significance in that 
many investigators have argued for muskmess 
as one of the primary odor qualities (Amoore, 
1952, 1963) 

One interesting characteristic of odors is the 
fact that their strength does not appear neces- 
sarily to be related to threshold (Wright, 1964) 
An odorous substance with an exceedingly low 
threshold (musk or vanillin, for example) may 
never have an overwhelmingly strong smell 
even at very high concentration On the other 
hand, a substance with a significantly higher 
threshold, such as ethyl mercaptan, becomes 
overwhelmingly strong as the concentration is 
increased A method of studying this phenom- 
enon has been provided by Kruger and his col- 
leagues ( 1965a) They have developed a scale of 
odor strength based on varying concentrations 
of n-heptonal The odor of this substance is 
quite strong when it is at high concentration 
It may be diluted with an odorless solvent 
such that its strength can be adjusted down to 
a minimal level By selecting appropriate dilu- 
tions, a scale of as many values as desired may 
be created Other odors can then be matched 
against the standard scale by observers who 
have been trained in its use Such a procedure 
permits a kind of quantification of odor 
strength at levels well above threshold The 
relative intensities of the aliphatic alcohols for 
human subjects have been examined with this 
procedure by Kruger et al (1955b) Their re- 
sults indicate a tendency for the strength of an 
odor to decrease as molecular weight exceeds a 
certain amount As mentioned above, this is 
associated with a reduction in the volatility of 
the substance When various members of the 
aliphatic series were corrected to have equal 
vapor pressure, it was found that the heavier 
molecules had slightly higher odor intensities 
Of course, the method becomes inapplicable 
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when the extent of dilution of the simpler 
molecules becomes so great that the dilute so- 
lution retains no odor at all 

This method may be of particular value in 
studying the substances with different rela- 
tions between threshold and strength as con- 
centration IS increased Odors with low 
threshold which do not increase rapidly in 
strength as concentration is increased are said 
to be “insistent” odors 

of 0!factcr/ 
Oescroomiinialeoiris 

There is substantial and convincing evidence 
that the qualitative differentiation of olfactory 
sensation depends upon the pattern of re- 
sponse in specific neurons which make up the 
olfactory nerve and the olfactory tract The 
way in which encoding takes place at the olfac- 
tory epithelium remains a mystery Dimen- 
sions of olfactory sensation are complex and 
have not been shown, conclusively, to bear any 
clear-cut relation to physical characteristics of 
the stimulus There does not seem to be any- 
thing analogous to the relation between fre- 
quency or frequency complex and tone or tonal 
quality in hearing, or hue and wavelength dis- 
tribution in vision There is undoubtedly a re- 
lation between the intensity dimension of 
smell and the rate of activity in the neural 
substrate which mediates this sensation 
(Adrian and Ludwig, 1938) , but the more inter- 
esting questions relate to those aspects of the 
stimulus and those aspects of the receptor 
mechanism which determine the qualitative 
nature of an odor 

One of the earliest suggestions as to a mech- 
anism which might explain olfactory phe- 
nomena was proposed by Lucretius (Amoore, et 
al , 1964) He suggested that the airborne par- 
ticles which carry scent have unique shapes 
which correspond to sites within the olfactory 
mechanism These were assumed to vary with 
respect to shape, and hence, to be ideally 
suited for the trapping of specific kinds of 
molecules Thus, depending upon the specific 
sites in which molecules are entrapped, dif- 
ferent odorous qualities may be experienced 
Theories of this sort were surveyed by Mon- 
cneff (1951) Amoore (1952), after a detailed 
search of the literature on olfaction, catalogued 
odorous substances according to the language 


used to describe the odors which they pro- 
duced He found that a large majority of sub- 
stances could be included in just seven cate- 
gories and that each of these had many more 
substances associated with it than did the 
other categories which were identified in his 
survey His supposition was that these most 
frequently occurring sensory qualities might 
correspond with anatomical receptor pri- 
maries The next stage of his undertaking was 
to look for some characteristic which those sub- 
stances having a common capacity for the 
stimulation of odor might share with respect to 
their chemical or physical nature His conclu- 
sion was that the shape of the molecule was m 
most instances of a similar form for materials 
with similar odor-producing capabilities Two 
of the odor qualities apparently depended 
upon the electrolytic characteristics of the sub- 
stance rather than molecular structure Am- 
oore, therefore, devised receptor sites in five 
unique configurations based on the form of 
molecules which produce a characteristic odor 
Early reports of discrimination among neural 
units of the olfactory mucosa (Gesteland et al , 
1963) were interpreted by Amoore in support 
of his theory (Amoore, et al , 1964) He has 
evaluated the adequacy of the physical re- 
ceptor sites he devised, in terms of how nearly 
they are filled by models of the molecules to 
which they are presumed to play host, by ac- 
tual physical test of the extent to which they 
fill the volume of the theoretical sites The 
results of this evaluation showed the sites to be 
rather unsatisfactory m terms of the efficiency 
with which they could encompass the volume 
of molecules with similar odor characteristics 
He has, therefore, abandoned his earlier theo- 
retical site designs (1965), but has shown a def- 
inite correlation between the character of an 
odor and an index of the geometry of the mole- 
cule based upon three orthogonal projections of 
its spatial configuration There appears to be 
some significance to molecular shape in the 
determination of odor, but the exact relation of 
shape to some characteristic of the olfactory 
receptors is still unknown Amoore’s original 
seven primaries seem to represent an oversim- 
plication of the situation 
As mentioned earlier, odorous substances 
tend to be highly absorbent m the infrared re- 
gion of the spectrum One theory of olfactory 
discrimination (Beck and Miles, 1947) held 
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that local cooling resulting from the absorption 
of heat by odorous molecules provides a basis 
for discrimination A serious difficulty with 
this theory arises out of the fact that certain 
substances with identical infrared absorption 
spectra have different odors In addition, at- 
tempts to duplicate early experiments which 
supported the theory have proven unsuccessful 
(Johnston, 1953) A theory based on the suppo- 
sition that there is a variety of different en- 
zymes which may be selectively inhibited by 
different odorous substances was proposed by 
Kistiakowski in 1950 A small amount of 
odorous material might block an enzyme reac- 
tion and result in the accumulation of a large 
amount of substance which could provide 
stimulation of selected nerve endings Objec- 
tions to the theory have been based on the fact 
that many optical isomers which should react 
differently with enzymes provide the same 
odor (Wright, 1964) It is also argued that too 
large a number of different receptors would be 
required for the system and that the temporal 
response characteristics of the olfactory sense, 
which are relatively rapid, are incompatible 
with a primarily chemical basis of detection 
The theory might be useful if the olfactory 
epithelium could somehow accomplish a pre- 
liminary discrimination of substances based on 
their physical or chemical properties This 
would reduce the large number of different 
enzyme classes necessary for the range of 
odorous qualities which can be discriminated 
Patterning of the distribution of odorous 
stimuli over the olfactory epithelium may be 
selective by reason of some sort of chromato- 
graphic process (Mozell, 1966) Davies (1965) 
has argued for variation in the fluid properties 
of receptor cell membranes as a basis for re- 
ceptor selectivity Other theories have been 
proposed based upon the charge-transfer ef- 
fects between carotmoid pigments in the re- 
ceptor membrane and specific odor-bearing 


molecules (Moulton & Beidler, 1967, Rosen- 
berg et al , 1968) 

Some years ago (Dyson, 1937), it was pro- 
posed that the characteristic resonant frequen- 
cies of specific molecules might provide a basis 
for the determination of the odors which they 
produced The “Raman effect” provides a 
method of determining the characteristic vi- 
bration frequencies of specific molecules 
Wright (1964) has argued that vibrational fre- 
quencies, expressed in wave number, are not 
associated with sufficient energy to be of any 
significance for a mechanism of smell discrimi- 
nation, unless the wave number is 200 or less 
Early criticisms of Dyson’s theory were based 
on noncorrespondence of very much higher 
wave numbers for molecules producing similar 
odors Recently, Wright and his associates 
(Wright et al , 1967) have concluded that the 
frequency components of the activity induced 
in the olfactory bulb by odorous stimuli are cor- 
related with molecular frequencies of the mole- 
cules which constitute these stimuli The re- 
sults cannot be considered conclusive, how- 
ever, since the correlation is far from complete 
when all frequency components are considered 

Although there are intimations of progress, 
the question of how the olfactory mechanism 
discriminates qualitative differences in odor is 
far from resolved It is fair to say that different 
neural pathways and patterns of response 
among populations of pathways are involved in 
the qualitative discriminations of odor, but the 
precise way m which the initial discrimination 
IS made at the primary receptor site is un- 
known Future research must include a com- 
parative evaluation of electrophysiological 
studies, psychophysical studies based on 
threshold and qualitative discriminations for a 
variety of stimuli alone and in combination, 
and the individual differences represented by 
selective anosmias which may be genetic in 
origin 
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The successful adaptation of an organism to 
its environment requires the continuous deri- 
vation and processing of a variety of informa- 
tion Although the most richly varied of the 
sensory dimensions may be vision and hearing, 
those treated in this chapter are nonetheless 
important for the maintenance of the health 
and welfare of the organism Receptors m the 
skin and other parts of the body which make 
contact with the external world, including the 
tongue and the teeth, provide a basis for con- 
stantly monitoring the compatibility of the 
environment 

Elaborate mechanisms for the regulation of 
body temperature are dealt with elsewhere, but 
without the additional mechanisms which de- 
pend upon voluntary actions mediated by con- 
scious response to sensory stimulation, it 
would be impossible for man to maintain regu- 
lation of body temperature over the range of 
environmental temperatures m which he is 
able to function The rate of his voluntary ac- 
tivity and the nature of his clothing are impor- 
tant factors which are controlled by conscious 
processes 

Protection of the organism from injury re- 
quires information as to the nature of objects 
and surfaces with which the body may come in 
contact Such characteristics as hardness and 
softness and abrasive qualities may not be dis- 
cernible visually and may require exploratory 
physical contact The manipulation of objects 
depends on information as to the nature of the 
contact made by the body, usually the hands 
or feet, and changes in pressure associated 
with changes in the tension of muscles control- 
ling the fingers or perhaps the jaws Feedback 
systems involving muscle sensors permit 
highly refined control, but the augmentation of 
this system by tactual sensitivity is essential 
for proper function Motor control of the body 
depends to a significant degree on information 
based on tactual sensation derived from con- 
tact with the surfaces on which the body may 
be lying, sitting, standing, or walking 


Physical contacts may be destructive Defor- 
mation of tissue at too high a rate or to too 
great an extent can cause injury The same is 
true of objects at a high temperature or, less 
frequently, at a very low temperature, sources 
of thermal radiation, and chemical agents Vir- 
tually any agent capable of causing tissue 
damage signals the organism by stimulating 
receptors for pain There are some exceptions, 
such as ultraviolet radiation and ionizing ra- 
diation It IS only in the very recent history of 
man that ionizing radiation has constituted a 
significant hazard and it is perhaps for this 
reason that no “counter measures” have 
evolved As noted in an earlier chapter, there 
may be some possibilities for direct detection 
of ionizing radiation, mediated by the olfac- 
tory bulb 

The deep pain which is signalled by recep- 
tors m the internal organs is qualitatively dif- 
ferent and the sensory system which mediates 
this response serves a different purpose Ide- 
ally, its function may be to impose restrictions 
on activity during a period of recovery from 
injury In extreme conditions, however, such 
pain may be completely nonadaptive 

In addition to its role in the regulation of 
behavior and survival, the sense of touch may 
play a significant role in communication An 
excellent direct example is the reading of 
Braille by the blind, a more subtle example is 
the nature of the communication process in- 
volved in the character of a handshake or any 
physical contact between individuals The 
sense of touch plays an extremely important 
role in the communication between individuals 
which precedes sexual activity in all of the 
higher organisms 

In relatively recent years, considerable effort 
has been devoted toward the use of the tactual 
sense as a means of substituting for vision in 
the case of the blind A large matrix of stimu- 
lators may be excited by a system which in- 
volves a television camera It has been demon- 
strated that, with sufficient practice, blind 
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individuals can do a remarkable job of dis- 
criminating the nature of objects m the real 
world with such a system (Collins and Saun- 
ders, 1970) 


The Seoise of Toych 

The sense of touch is primarily a cutaneous 
sense, although it is usually considered to in- 
clude the touch receptors within the mouth, 
particularly on the tip of the tongue, and the 
receptors located in dermal tissue, tendons, 
the periosteum, and other deep seated struc- 
tures which respond to pressure 

THE STIMULUS 

The sensory endings for touch are known to 
respond to uneven or nonuniform pressure 
which results in deformation of the skin or 
movement of the hairs which grow out of the 
skin Sensitivity to touch varies in different 
regions of the body, but may require only very 
slight deformation or barely perceptible de- 
flection of a single hair on the surface of the 
body A wisp of cotton drawn over a hairy sur- 
face or even over bare skin is sufficient for 
stimulating the sense of touch A technique 
for measuring the relative sensitivity of the 
various regions of the body’s surface to touch 
was developed by von Frey (1919) A series of 
hairs, varying in diameter, was graded in re- 
lation to the pressure required for bending 
the hair when it is brought in contact with a 
surface Threshold for touch may be deter- 
mined m terms of the pressure required to 
bend a hair Surfaces of the body which are 
sparsely covered with hair tend to be more 
sensitive to direct contact Shaving the hair 
from a hairy surface results in reduction of 
sensitivity to touch 

Minimum pressures required to elicit the 
sensation of touch vary by a factor of more 
than 20 to 1, depending on the region of the 
body considered The nose, the lips, and the 
tips of the fingers require only 2or3g/mm^ 
Higher pressures are required on the backs of 
the fingers, the upper arm, and the inner sur- 
face of the thigh Progressively higher pres- 
sures are required on the back of the hand, the 
calf, the shoulder, the abdomen, the front of 
the leg, the sole of the foot, and the back of the 
forearm A pressure of nearly 50 g /mm ^ is 
required on the loin It is evident that those 
portions of the body^s surface which are more 
likely to be involved in contact which will pro- 
vide information have a lower threshold 


RECEPTOR ORGANS FOR TOUCH 
In the skin there are some relatively elaborate 
sensory receptors which undoubtedly play a 
significant role in touch There are also undif- 
ferentiated nerve endings which are involved 
in tactual response (Fig 8 129) Unfortunately, 
it has not been possible to find clear-cut func- 
tional differences associated with the ana- 
tomical differences among the various recep- 
tor types Nonspecialized receptors which can- 
not be distinguished anatomically may mediate 
qualitatively different responses, i e , pain and 



Fig 8 129 Free nerve endings m the tips of dermal 
papillae of the human digital skin Perineunal sheaths 
have been lost but Schwann cell coverings and the base- 
ment membranes (M) are retained Three terminal 
branches (T) are shown within one Schwann cell body in 
A A single nerve terminal (T) is shown in relation to a 
cluster of Schwann cells in B An end bulb is shown m C 
with an accumulation of mitochondria varying in size and 
density (x 51 000) (Cauna 1968) 



B longitudinal section of the superficial part of a Meissners corpuscle Laminar cells (lighter bands) are sepa 
rated from one another by an intracellular substance (darker bands) and are interleaved with nerve endings B base 
ment membrane E epidermis Human digital skin from a 21 -year old female (x 1500) 
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C field from a Meissners corpuscle cut transversely L laminar cells S intracellular substance To the right the 
nerve ending is shown filled with mitochondria Human digital skin of a 21 -year old female (x 32 000) (Cauna 1966) 


temperature as well as touch The specialized 
receptors include Meissner’s corpuscles (Fig 
8 130) which are found in abundance in the 
hand, the foot, the nipple, the lips, and the tip 
of the tongue, Merkel’s disks (Fig 8 131) found 
in the fingertips, the lips, and mouth, and 
basket-like terminations which surround hair 
follicles Structures which look like Merkel’s 
disks have been found in epidermal domes 
(Fig 8 132) which appear to be specialized re- 
ceptor regions in the skin (Iggo, 1966) Similar 
structures have been identified in other tissues 
(Cauna, 1966) Some of these receptors are illus- 
trated schematically in Figure 8 133 There is 
evidence that the cells which comprise nerve 
endings change relatively frequently during the 
life of the individual (Cauna, 1966) This con- 
tinuing renewal of receptor tissue is also char- 
acteristic of the gustatory and olfactory sys- 
tems 

It is obvious from the foregoing that the in- 
nervation of the skin of various regions of the 
body differs with respect to the sense of touch 
Even in a relatively homogeneous region, such 
as the back, there are differences. Localized 
regions, or spots, may be found which are more 
sensitive to touch or to temperature or to pain 
Responsiveness to these qualitatively different 
dimensions of stimulation is not homogene- 
ously distributed 



Fig 8 131 Two Merkel s disks in the deepest epi- 
thelial cell layer of an Eimer s organ in the tip of the mole 
snout Merkels disks are seen directly below the more 
darkly stained epidermal cells (Quilliam 1966) 

Receptive Field. The concept of the recep- 
tive field was conceived by Sherrington (1906) 
to describe the selectivity of response of an 
organism to tactual stimulation. Certain re- 
flexes may be elicited by touch It is not neces- 
sary to stimulate one highly specific point, 
rather, a region may be stimulated and the re- 
flex response will follow For a given reflex, the 
region m which stimulation will elicit the char- 
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actenstic response is known as the receptive 
field for the reflex Sizes of receptive fields 
vary with the region of the body and with the 
specific type of reflex investigated The results 
will differ dependent upon the qualitative na- 
ture of the stimulus 

Functional Differentiation of Mechanore- 
ceptors Two classes of receptors that respond 
to touch have been identified The first re- 
sponds with impulse discharge for a period of 
only a few hundred milliseconds and then 
adapts, even though the tactual stimulation is 
sustained They have a relatively low thresh- 




Fig 8132 A, cross section of an epidermal dome 
with layer of nerve endings just inside the basement 
membrane Endings are derived from a single myelinated 
axon B, detail of the Merkel s cell at one of the nerve 
endings (Iggo 1966) 



(cold) C Ruffini s end organs (warmth) D Pacinian cor 
puscle (deep pressure) E bar nerve endings in the cor- 
nea (pain) F Merkels disks (touch) (Bainbridge and 
Menzie 1925) 

old, and are associated with receptive fields of 
as large as 5 cm ^ for a threshold level of stim- 
ulation These receptors are apparently served 
by myelinated fibers of up to 10 /u in diameter 

Rapidly adapting units are found m non- 
hairy skin such as the footpad of the monkey 
These also show a discharge frequency which is 
relatively independent of the stimulus dis- 
placement Pacinian corpuscles (Fig 8 134) are 
associated with rapidly adapting responses to 
mechanical stimulation and may mediate this 
type of response when hair follicles are not 
involved They have also been associated with 
“deep touch ” 

The second type of receptor responds ini- 
tially with a burst of activity and then adapts 
to a lower, sustained level of discharge This is 
sustained so long as the stimulation is con- 
tinued for up to 5 mm or even longer Re- 
cently, Iggo (1966) has associated the rapidly 
and slowly adapting receptor processes with 
specific anatomically defined afferent units 


Fig 8134 A unstained osmium-fixed transverse section of a cat Pacinian corpuscle as viewed by interference 
microscopy (x 750) The axial nerve terminal is oval in cross-section 

B transverse section through a denervated Pacinian corpuscle of cat showing about 25 lamellae of the outer zone 
(x 900) Loss of circularity in the concentric outer lamellae and an apparent increase in the size of the lamellar nuclei 
are attributed to formol fixation and silver staining (Quilliam 1966) 
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He has associated the rapidly adapting recep- 
tors with the hair cells and divides these into 
three types The most sensitive are type D, 
characteristic of down hairs Their receptive 
fields are up to 2 cm m area, and hence, 
many hairs must be capable of triggering a 
receptor response which converges on a single 
neural pathway It is probable that divergent 
connections also exist 

Type G follicle units are those associated 
with “guard” hairs Ten or more of these hairs 
may be connected to a single neuron and in 
the 2-cm ^ area in which they are located other 
hairs will be connected to other neurons A 
kind of specialized guard hair termed a tylo- 
trich follicle is found fairly commonly in the 
rabbit The type T-unit consists of an efferent 
neuron supplied by from 3 to 10 of these spe- 
cialized guard hairs Each of the follicles is 
surrounded by a large venous sinus Electro- 
physiological studies of the monkey suggest 
that most of the rapidly adapting units found 
in this animal fall into the D and G classes 
The rate of discharge which occurs when a hair 
IS bent apparently has little relation to the 
extent of bending When a threshold amount 
of bending has occurred, the discharge follows 
and if the hair is then maintained, perfectly 
undisturbed, in a fixed position, the unit 
adapts More rapid bending to a greater posi- 
tion of deflection serves only to reduce the la- 
tency of response The duration of response 
may be influenced by the number of hairs 
which are stimulated but rarely lasts much 
longer than 100 or 200 msec 
The discharge of the slowly adapting units is 
very persistent In addition, the frequency of 
discharge varies with the amplitude of stimu- 
lation, the greater the displacement of the 
skm, the greater the discharge frequency Iggo 
has identified two types of slowly adapting 
units in hairy skin of the cat, rabbit, and 
monkey Type /, may produce a burst of im- 
pulses at rates in excess of 1000/sec when a 
smooth probe is drawn across a hairy skin sur- 
face This IS a much higher discharge fre- 
quency than ever found with hair follicle units 
This type of response has been associated with 
the dome-shaped elevations of the skin which 
appear to contain Merkel cells as illustrated in 
Figure 8,132 The frequency of discharge in- 
creases with the amount of displacement of the 
tissue A mechanical stimulation of short dura- 
tion, 1 or 2 msec , may cause a discharge of 


impulses which will last for as long as 10 msec 
For a fixed amount of displacement, the fre- 
quency of discharge is directly proportional to 
the displacement amplitude Similar results 
have been reported by Werner and Mount- 
castle (1968) for one class of receptors The 
type I units have a highly localized response 
and are relatively insensitive to lateral 
stretching of the skm They are normally 
quiescent at temperatures between 30° and 
35° C m the absence of mechanical stimulation 

Another differentiation in the nature of the 
response of tactual receptors relates to their 
ability to summate over time and area Pa- 
cinian corpuscles have been associated with 
responses which may be increased in magni- 
tude by increasing either the duration or the 
area of stimulation There aire other receptors 
which mediate a much more sharply defined 
response in both space and time (Verrillo, 
1968) The latter are probably associated with 
the rapidly adapting receptors described 
above 

The second class of slowly adapting recep- 
tors, type //, have a regular resting discharge 
m the absence of any mechanical stimulation 
When stimulation is applied, the initial re- 
sponse is of lesser amplitude than that of the 
type I units There is a reduction from the ini- 
tial level following an adaptation period of 
several seconds, and with sustained stimula- 
tion a sustained level of discharge higher than 
the resting level may be measured These units 
are quite sensitive to lateral stretching of the 
skin So far, it has not been possible to asso- 
ciate these units, identified electrophysio- 
logically, with anatomical receptor types 
Mountcastle and his colleagues (Werner and 
Mountcastle, 1968) have found some inter- 
esting differences in the relation between am- 
plitudes of tactual stimulation and the re- 
sponse discharge frequency Some units have 
been observed (Fig 8 135) which show a linear 
relation between discharge frequency and 
tissue displacement Others show a linear rela- 
tion between the logarithm of the response and 
the logarithm of the stimulus The slope of this 
linear relation is in the neighborhood of 0 5 
and the response may, thus, be interpreted as 
a power function of stimulation with an expo- 
nent of 0 5 The linear relation referred to 
above is, of course, also a power function with 
an exponent 1 An interesting finding is that 
the results of scaling studies of tactual stimu- 
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200-800 msec, r = 996 



Fig 8 135 Number of impulses per response as a 
function of the depth of skin indentation for each of five 
observation times beginning at stimulus onset Record- 
ing from a single afferent fiber of the radial nerve of the 
Macaque Stimulus applied to the hand (Werner and 
Mountcastle 1968) 

lation in human subjects reveal a functional 
relation bet'ween the magnitude of the stim- 
ulus and the scaled value, which is similar in 
form to the electrophysiological function de- 
rived from monkeys when the same region of 
the skin is stimulated 

PERCEPTION OF TOUCH 

Touch Localization. The location on the 
skin at which a tactual stimulus is applied can 
be identified fairly accurately by a human sub- 
ject The accuracy varies, of course, with the 
region of the skin involved There is not a di- 
rect correspondence between the accuracy with 
which a point of stimulation may be localized 
and the minimum threshold for detection of 
stimulation The spatial relations among tac- 
tual receptors are obviously preserved in 
projections to the somaesthetic cortex, and 
there is some correspondence between localiza- 
tion accuracy and sensitivity The lips and the 
fingers, for which the tactual threshold is low, 
also permit highly accurate localization 

The Two Point Threshold. A kind of dis- 
criminative localization threshold is provided 
by the test of the two-pomt threshold Two 
blunted compass points may be applied to the 
skin in various regions of the body The sepa- 
ration of the points may be varied in order to 
determine the minimum separation necessary 


for the subject to perceive the stimulus as two 
discrete points In such measurements, the 
subject is never aware as to whether the actual 
contact will be made by one point or two The 
experimenter is, thus, provided with an objec- 
tive measure of the accuracy of the subject’s 
report As one might expect, the minimum 
detectable spacing of two points is closely as- 
sociated with the localization accuracy for var- 
ious regions of the body’s surface Two points 
may be discriminated as such when separated 
by only a little more than 2 mm at the finger- 
tips, while a separation of as much as 6 or 7 
cm may be necessary on the skin of the 
middle of the back, the upper arm, and the 
thigh 

Localization accuracy may prove a useful 
basis for clinical diagnosis Certain cortical le- 
sions are associated with a systematic dis- 
placement of the point associated with stimu- 
lation from the point actually stimulated on 
the same side of the body Certain forms of 
hysteria may be accompanied by a localization 
at a corresponding point on the opposite side 
of the body 

The sense of touch is not restricted to recep- 
tors located in the skin So-called “deep 
touch” might more properly be called a re- 
sponse to pressure This is believed to be me- 
diated by Pacinian corpuscles which are lo- 
cated m the dermus, tendons, periosteum, and 
other deep-seated structures 

NEURAL PATHWAYS WHICH MEDIATE 
RESPONSES TO TOUCH 

In the long ascending pathways of the spinal 
cord which conduct afferent signals from the 
skin and other parts of the body to the brain, 
there is a tendency for those fibers which me- 
diate qualitatively similar responses to be 
grouped together Fibers from the skin and 
those from receptors located in deeper tissue 
may be located in the same portion of the 
ascending column when they carry informa- 
tion of a similar quality, such as touch The 
dorsal column-medial lemniscal system con- 
veys information concerning the location and 
the nature of tactual stimulation, as well as its 
temporal variations It thus, appears to sub- 
serve precise discriminative functions The 
spinal thalamic system within the anterolat- 
eral tracts appears, on the other hand, to be 
more concerned with general aspects of sensa- 
tion This tract has been associated with mfor- 
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mation concerning the nature of the organism 
independent of the external world, although 
this kind of distinction is certainly not always 
valid Components of the spinal thalamic 
system project on the reticular formation in 
the medulla and the midbrain, as well as upon 
the intralaminar nuclei of the thalamus It is, 
thus, reasonable to associate it with arousal 
and vegetative processes (Mountcastle, 1961) 

Projections on the somatic areas I and II of 
the cortex cannot be clearly differentiated, 
although there is a tendency for them to be 
associated with the iemniscal and the spinal 
thalamic components of the somatic afferent 
system, respectively The combined electro- 
physiological and behavioral studies of som- 
aesthetic sensitivity in animals provide the 
basis of our current understanding of the 
system (Mountcastle et al , 1966) 

Temperatyre Sense 

Temperature is an index of relative heat 
Temperature, as such, is therefore probably 
not appropriately considered a physical stimu- 
lus, but it is a most satisfactory index of the 
possible effects of increases or decreases in the 
amount of heat m living tissue The tempera- 
ture of various parts of the body may vary over 
a relatively narrow range without danger, but 
excessive heating or cooling can cause damage 
Temperatures above 45° C may result in pro- 
tein denaturation (Hardy et al , 1952) This is 
associated with the sensation of pain Very low 
temperatures may also cause tissue damage 
but the anaesthetic effect of cooling under the 
appropriate conditions may conceal the fact 
that damage is being incurred and pain is not 
sensed until the cool tissue is reheated 

Well within the range of noninjunous 
amounts of heat, receptors respond to rela- 
tively small amounts of temperature change 
The resulting sensations are of warmth or cool- 
ness These sensations are not painful and are 
qualitatively quite different from the sense of 
touch It is, therefore, reasonable to assume 
that they may be mediated by specialized re- 
ceptor endings The receptor system for the 
detection of thermal variations provides a 
basis for the voluntary regulation of activity 
and the amount of clothing worn The system 
is also involved in reflex mechanisms which 
permit the close regulation of body tempera- 
ture 


RECEPTORS FOR THERMAL SENSITIVITY 

Two types ot end organs are characteristi- 
cally associated with thermal sensation These 
are the Krause end organs (Fig 8 1335) as- 
sociated with the discrimination of cooling, 
and the Ruffini end organs (Fig 8 133C) asso- 
ciated with the sensation of warming The Ruf- 
fini end organs may also be stimulated either 
electrically or mechanically and, if the stimu- 
lation IS controlled appropriately, it will pro- 
duce a sensation of warmth A Ruftmi end 
organ is frequently found located near a deep 
plexus of blood vessels 

METHODS OF STUDYING THERMAL 
SENSITIVITY 

One of the earliest techniques for studying 
responsiveness to temperature change involved 
the use of thermal probes, often metallic con- 
tainers with a blunt tip, the temperature of 
which could be controlled by the use of a hot 
or cold liquid contained in the device Investi- 
gation of the surface of the skin of human sub- 
jects has revealed regions with increased sensi- 
tivity to cold or warmth similar to those re- 
ferred to above for touch Considerations of 
responsiveness to a variety of stimulus dimen- 
sions reveals that there are relatively fewer 
selectively responding spots for the detection 
of cold and tactile stimulation, as compared 
with warm and painful stimulation This may 
have evolved as a result of the fact that warm 
stimulation more frequently presages possible 
injury than does cold, and it is obvious that 
painful stimulation is typically an indication 
of potential injury 

The thermal sensory system may be studied 
in terms of regulatory reflexes or the behav- 
ioral responses of animals Such types of inves- 
tigations may be associated Reflex thermal 
regulation is treated in detail elsewhere 

A third method of studying the temperature 
sense involves electrophysiological recording 
from single neural units m animal prepara- 
tions or even in human subjects Some fairly 
recent data have been obtained with these 
techniques which help to verify the nature of 
the temperature-sensing system 

Hensel (1966) and his colleagues have exam- 
ined quantitatively the nature of the response 
of single fibers in a variety of organisms with 
changes in the temperature of stimulation of 
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an appropriate region of the surface of the 
skin The results make it clear that certain fi- 
bers are associated with cold receptors and 
others with warm receptors The discharge fre- 
quency m the cold response system is in- 
creased by any relatively abrupt decrease in 
temperature When there is no resting level of 
discharge, warming has no effect on these 
units A resting level of discharge may be in- 
hibited by the presentation of a warm stim- 
ulus Stimulation of the region of the skin 
which produces a response to temperature 
change by a mechanical probe ordinarily pro- 
duces no response or shows a very high 
threshold for mechanical stimulation The re- 
sponses of a single cold fiber in the radial 
nerve of man are illustrated in Figure 8 136 It 
is evident that as the continuous trace which 
represents changing temperature drops, the 
discharge frequency of the fiber increases 
With subsequent increase in temperature the 
discharge frequency is again reduced In- 
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Fig 8 136 Afferent impulses in a single cold fiber 
in the radial nerve in man and temperature during cutane- 
ous thermal stimulation (A) Start of cooling from 34® to 
26° C (B) start of rewarmmg (C) start of cooling from 
38° to 35° C (D) start of rewarmmg (E) start of cooling 
from 24° to 16° C (F) start of rewarmmg (G) 13 sec 
after rewarmmg has started (H) continued from record 
(G) (Hensel 1966) 


creased discharge frequency may be initiated 
for drops from a variety of initial tempera- 
tures, but the maximum rate is achieved for 
reductions in temperature from the region of 
20° C 

Warm receptor systems are identical except 
that they respond in the opposite way to 
changes in temperature, rapid warming causes 
an increase in discharge frequency, while 
cooling either has no effect or inhibits a resting 
discharge frequency 

Changes in response have been noted in a 
variety of animals (including the monkey) for a 
change in temperature as small as 0 2° from an 
initial value of 33° This compares reasonably 
well with the threshold change m temperature 
required for the elicitation of a warm or cold 
response m man 

Both cold and warm receptor systems show 
a change in resting discharge frequency with a 
change m the sustained temperature level The 
resting discharge is a maximum for the warm 
system for temperatures between 38° and 43°, 
for the cold system between 15° and 34° The 
maximum discharge frequency ranges from 2 
to 15 impulses/sec The characteristic response 
of a cold or a warm receptor system is seen 
only for relatively abrupt changes in tempera- 
ture If the change is gradual, both the warm 
and the cold systems will show an increase m 
discharge frequency with increased tempera- 
ture from below the range of maximum re- 
sponse up to that range, and a decrease in dis- 
charge frequency for increases in temperature 
above the optimum range 

Stimulation of the Krause end organs by 
increase in temperature up to the vicinity of 
45° C has been shown to be associated with the 
sensation of cold The electrophysiological cor- 
relate of this has been reported by Z otter man 
(1953) in cold fibers of the cat which are again 
activated with increase in temperature up to 
45° C, and which continue to respond up to a 
maximum temperature of approximately 50° 
C The sensation of ‘‘paradoxical cold” can be 
observed in human subjects if the region of 
stimulation of the skin is selected carefully, 
and a stimulus temperature of approximately 
45° or a little higher is employed 

Certain sensory fibers have been found 
which show a change in discharge frequency 
for both mechanical stimulation and to reduc- 
tion in temperature These are much less sen- 
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sitive to changes in temperature than the re- 
ceptor systems we have been discussing, how- 
ever Where the change in discharge frequency 
m impulses per second for every degree centi- 
grade change m temperature may be of the 
order of 30 to 55 for units which respond only 
to thermal stimulation, this same index of re- 
sponse reduces to the order of 1 to 5 
impulses/sec for each degree centrigrade 
change in temperature in those units which 
respond both to pressure and to cooling In 
human subjects, the stimulation of such recep- 
tors by mechanical means never produces a 
sensation of cold, but the application of a 
thermal stimulus may be perceived as a 
change in pressure It, therefore, seems reason- 
able to assume that these systems are in fact 
pressure-sensing systems 

THEORETICAL CONSIDERATIONS 

One hypothesis that has been suggested is 
the idea that the appropriate stimulus for a 
thermal receptor may be a gradient of temper- 
ature across its physical extent Thus, if the 
outer portion of the peripheral receptor is 
cooler or hotter than an inner portion, the re- 
sult IS a change in the discharge frequency of 
the system The possibility that this may be so 
has been refuted by showing that the introduc- 
tion of a thermal stimulus, either above or 
below the receptor, has the same result m 
terms of change in discharge frequency It is, 
therefore, fairly clearly established that the 
appropriate stimulus is a change in tempera- 
ture of the whole receptor termination 

The question has been raised as to whether 
the specialized receptors m the skin for touch, 
temperature, and pain may all be basically 
chemoreceptors which respond to a transmitter 
substance which may be released by ancillary 
cells when an appropriate stimulus is applied 
(Mountcastle, 1966) The idea is an interesting 
one but it does not seem necessary for certain 
receptor types such as the Pacinian corpuscles 
(Loewenstem, 1966) 

From our discussion of the warm and cold 
receptor systems studied by Hensel, it would 
seem that the coding of these dimensions of 
thermal response is accomplished by the spe- 
cific responding neurons Some of the behav- 
ioral work of Kenshalo (1968) has been inter- 
preted to suggest that coding may be m the 
form of increased activity for cold and de- 
creased activity for warmth, but direct re- 


cording from single fibers does not accord with 
this opinion 

Pain is an extremely important sensation b> 
reason of the role it plays in the protection of 
the organism from hazardous agencies m the 
environment Reflex withdrawals mediated by 
a painful stimulus prevent or minimize burns, 
cuts, and all manner of potential injuries In 
addition to its direct relation to protective re- 
flexes, pain IS important for the learning of an 
organism to avoid future contacts with painful 
agents once encountered In our civilized so- 
ciety the survival value of pain is based on still 
an additional dimension of usefulness For the 
physician, the patient’s report of pain, its lo- 
cation, its quality, its intensity, and its dura- 
tion may play an extremely important role in 
medical diagnosis The clinical study of the 
significance of pain in injury and disease rep- 
resents an extensive field which cannot be 
treated in detail here, however 

STIMULI AND RECEPTORS 

It has been extremely difficult to identify 
specific receptors which mediate pain There 
are very few tissues of the body which will not 
respond to damaging stimulation with pain 
Studies of single fibers render it clear that 
there are specific pathways which mediate 
pain sensations, but the receptors with which 
they are associated have not been clearly iden- 
tified It IS probable that a variety of cuta- 
neous receptors and receptors for sensations 
other than pain within deeper tissue may pro- 
voke a painful response when the stimulus is 
extreme The best subjects for the study of 
pain are human subjects, by reason of their 
ability to provide a verbal confirmatory report 
of painful or uncomfortable sensations in re- 
sponse to stimulation Pam must be inferred 
in animals from observation of the behavioral 
correlates of the sensation m humans 

Another problem arises from the fact that 
painful stimuli, except when very near 
threshold levels, usually are damaging to 
tissue Tissue which is damaged cannot be 
expected to continue to respond m the normal 
way Thus, in attempting to study pain in an 
animal preparation, the investigator may be 
altering the system m some fashion which will 
influence his results and his conclusions If he 
attempts to restrict stimulus intensity to a 
near threshold level, it may be virtually impos- 
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sible to determine that the effect of stimula- 
tion IS indeed painful 

The “pain” system is probably in^ olved in 
nonpamful as well as painful sensations It has 
been associated with the sensation of taste of 
certain spicy foods (Lee, 1954), and as will be 
discussed below, may be associated with 
“tingling” or “itching” sensations which are 
not always unpleasant This additional role of 
the pain receptors and the neural pathways 
which mediate their response renders the 
study of the system in lower animals even 
more difficult 

Pam Localization The localization of a 
painful stimulus is obviously of some impor- 
tance if the sensation is to provide a basis for 
escape or withdrawal from the stimulus Local- 
ization of pain is reasonably good, but it does 
not have to be completely precise When the 
pain originates on the external body surface or 
in a limb, the withdrawal reflexes involve rela- 
tively gross movements of the whole body 
away from the source of stimulation, or flexion 
withdrawal of an entire limb There are certain 
circumstances where the localization of the 
pain as contrasted with the site of injury may 
be grossly m error For example, when there is 
injury to a nerve pathway which mediates pain 
sensation, the sensation may be projected to 
the origin of the pathway, such as a limb, al- 
though the actual injury may be in the region 
of the spinal cord The fact that a painful sen- 
sation may be projected to a region which has 
suffered no damage may in no way mitigate 
the extent of the pain, however 

Another error in localization occurs with 
what IS known as referred pain Damage or 
injury in a certain region may result m a 
painful sensation associated with a region 
somewhat removed from the locus of the in- 
jury This phenomenon differs from the projec- 
tion of pain m that the region to which the 
pain IS referred is not a more peripheral loca- 
tion along a nerve pathway passing through 
the locus of injury The pain associated with 
visceral injury or pathology is quite frequently 
referred to regions of the trunk somewhat re- 
moved from the focus of actual irritation The 
way in which erroneous localizations are asso- 
ciated with irritation in the gastrointestinal 
tract follows a fairly characteristic pattern, 
however, and the region where the pain is 
sensed may provide important information for 
diagnosis of the actual site of irritation 

The Receptors for Pain. As indicated 
above, it has not been possible to make clear- 


cut identifications of pain receptors which 
uniquely serve the mediation of a pain re- 
sponse They probably are unspecialized end- 
ings in the skin and m other regions, and their 
existence is strongly supported by the exist- 
ence of small diameter myelinated and un- 
myelinated fibers of slow conduction velocity 
which have been fairly clearly established to 
serve the sensation of pain (Clark et al , 1935) 
The regions of the body in which pain is expe- 
rienced make it clear that these receptors must 
exist in skin, muscle, the viscera, the cornea, 
arteries but not veins, periosteum, and cancel- 
lous bone 

Pam Stimulation Pam endings apparently 
respond indiscriminately to any stimulus, 
mechanical, chemical, or thermal when it is 
sufficiently intense The one generalization 
which can be made is that a painful stimulus, 
by reason of its nature or its intensity, is ca- 
pable of causing injury An exception may be 
the stimuli which excite deep pain endings 
These may be located in muscles, tendons and 
joints, or in the periosteum Mechanical stimu- 
lation which would not cause pain m normal 
tissue may provoke a response following injury 
or infection Apparently, the deep pain end- 
ings greatly increase m sensitivity to mechan- 
ical and chemical stimulation as a sequel to 
injury or infection Muscle pain may result 
from prolonged muscular contraction Muscles 
become much more sensitive to pain during 
prolonged or even intermittent contraction 
when their supply of blood is reduced or inter- 
rupted This has been associated with the re- 
lease of a chemical which is a product of 
muscle metabolism Its identity is unknown 
Pain does not occur with intermittent contrac- 
tion of normal muscle, and it is relieved fairly 
rapidly in ischemic muscle when circulation is 
restored Even after the muscle contraction 
has ceased, the pain may continue in muscle 
which IS deprived of blood until the normal 
supply is restored 

For the scientific study of pain, it is desir- 
able to employ quantitative methods of stim- 
ulus specification One procedure which has 
been widely used in stimulation of the skin 
involves controlled heating (Hardy et al , 1952) 
A region of the skin is blackened with India 
ink m order to equalize the absorptance of the 
skin of individuals with varying pigmentation 
A known amount of radiant heat from a cali- 
brated lamp may then be applied m a re- 
stricted area for various durations Heating of 
the tissue may be measured fairly accurately 
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Pam IS associated with the elevation of skin 
temperature to the neighborhood of 45° C, and 
a qualitative scale of increasing pain intensity 
may be related to increasing amounts of 
thermal stimulation Another method devel- 
oped more recently for the study of chemical 
agents which may stimulate pain consists of 
the production of a blister base on the skin 
such that chemicals may be directly applied 
after the epidermis has been removed and any 
painful response associated with the creation 
of the blister has subsided (Keele, 1966) One 
problem with the use of some chemical agents 
is their indiscriminate excitation of a variety 
of receptors, in addition to those which may be 
uniquely associated with the pain response 
The blister base technique has proven useful 
for the comparative evaluation of a number of 
agents which may evoke a painful response in 
humans, nonetheless 

PAIN AS A SENSATION 

The Response to Pam The threshold for 
perception of pain based on quantitative 
studies with thermal stimulation has proven to 
be remarkably stable among individuals The 
perception threshold can be influenced by dis- 
tracting agencies of a wide variety, e g , by 
hypnosis, by alcohol, and by certain drugs 
Ordinarily, however, the same amount of stim- 
ulation will result in a threshold perception in 
the same individual from one time to another, 
as well as in different individuals The nature 
of the reaction to painful stimulation, on the 
other hand, varies greatly from subject to sub- 
ject It also varies greatly in a given subject 
depending on circumstances On a battlefield, 
serious injuries may be ignored and appear to 
cause the injured person remarkably little in- 
convenience Under other circumstances the 
same individual might be completely incapaci- 
tated by a lesser injury There is some question 
as to whether the effect is on the sensation of 
pain itself or on the nature of the reaction to 
that sensation (Melzack and Casey, 1968) Pa- 
tients who have been given morphine, or 
others with frontal lobe lesions (Freeman and 
Watts, 1948) may be able to report pain sensa- 
tion at the same stimulus level associated with 
the perceptual threshold in normal subjects, 
but the painful sensation no longer elicits the 
typical normal reactions It is as if the pain 
sensation alone “doesn’t hurt’” Melzack and 
Casey have argued convincingly for a broader 


interpretation of “pain” than that possible 
when it IS viewed as purely sensory It is cer- 
tainly well established that the affective con- 
comitants may be much more important in the 
determination of reaction to pain, and these 
affective concomitants are not always well cor- 
related with the level of stimulation and, pre- 
sumably, with the intensity of sensation 
The Quality of Pam. Any one who has 
lived long enough to read this account is well 
aware of the great variety of painful sensa- 
tions A pain may be characterized as “sharp” 
or “dull ” It may be throbbing or sustained 
Sharp, bright, or pricking pain is usually of 
short duration A burning pain is more pro- 
longed The “burning” quality of pain is not 
necessarily associated with a thermal stimula- 
tion Deep pain, originating in the tendons and 
joints or in the viscera may be associated with 
a drop in blood pressure, a slowing of the 
pulse, sweating, and nausea Such pain is often 
characterized as “sickening” and may even be 
accompanied by vomiting Cutaneous pain is 
more often associated with an increase in pulse 
rate and elevated blood pressure 

Hyperalgesia The qualitative nature of a 
painful sensation may be altered following in- 
jury In an extended region around an injury to 
the skin, the threshold for sensation of pain 
may be slightly lowered and pain, once 
aroused, may be diffuse and extremely un- 
pleasant (Lewis and Hess, 1933) The threshold 
may be changed relatively little or not at all, 
but stimuli which would normally create only 
mild irritation elicit a relatively intense and 
sustained pain response Similar effects in the 
skin may result from an injury to deeper tissue 
or underlying mucous membranes The ex- 
tended region m which response to painful 
stimuli is changed is referred to as an area of 
primary hyperalgesia There is erythema or 
reddening of the skin as a result of vasodilata- 
tion The effect is not immediate upon injury, 
but may follow an interval during which there 
is little or no pain This suggests that the hy- 
peralgesia does not result from continuing 
hyperactivity of damaged cells Rather, it is 
attributed to a release of some chemical sub- 
stance in the injured region by the damaged 
tissue and in surrounding regions as a result of 
action of the nerve fibers which are involved 
Another kind of hyperalgesia, secondary 
hyperalgesia, may be elicited by repeated elec- 
trical stimulation of a focal region of the skin 
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^ change in response to painful stimulation 
occurs in a region around the point of stimula- 
tion this kind of hyperalgesia extends well 
beyond the region of erythema There is no 
reduction in threshold and, in fact, threshold 
niay actually be increased slightly The sensa- 
tion of pain, once aroused, is much more in- 
tense than normal The duration of secondary 
hyperalgesia is typically much shorter than 
that of primary hyperalgesia The latter may 
last for many days following severe injury 

the neural pathways for pain 

The early work of Clark et al (1935), showed 
that the high threshold afferent units asso- 
ciated with pain sensation are to be found 
among small myelinated and nonmyelinated 
fibers, slowly conducting C-fibers The work of 
Brown and Iggo (1967) has established that the 
majority of small myelinated fibers are excited 
by stimuli which can hardly be considered 
noxious The problem remains of determining 
which fibers are specifically associated with 
the conduction of pain information Some 
method must be conceived of selectively stim- 
ulating pain endings in the skin of experi- 
mental animals Perhaps the only solution, as 
suggested by Iggo, is a systematic effort to cat- 
alog the stimulus situations which give rise to 
pain m man and then identify those fibers and 
hopefully, receptors, which only respond to 
such stimuli when they are applied to animals 
It IS clear that all small, nonmyelinated fibers 
are not exclusively pain pathways in the skm, 
muscle, or viscera The problem of selective 
study of pain pathways arises from the fact 
that a diversity of pathways in addition to 
those which are exclusively assigned to pain 
are brought into play by any stimulus which 
will elicit a pain response Even certain path- 
ways which respond only to relatively high 
levels of stimulation may not mediate pain 
(Iggo, 1957, Titchen, 1958) 


CGOTsbioied SerDsaiions 

Tickling and itching have been associated 
with the stimulation of both touch and pain 
receptors A tickling sensation may not be de- 
tectable after injury to the lateral spinal tha- 
lamic tract, although stimuli can elicit sensa- 
tions of touch On the other hand, when the 
sensation of touch is reduced or lost during 
moderate ischemia there is also no tickling 
sensation In this case, the sensitivity to pain 
remains If the lateral spinal thalamic tract is 
primarily concerned with pain response, then 
It would appear that tickling requires function 
of both the touch and pain receptor systems 

Itching may be determined exclusively by 
the pain system (Rothman, 1943) or may, in 
some circumstances, depend upon both the 
touch and pain systems Spontaneous itching 
may depend upon the pain system exclusively 
It is unalleviated by relative ischemia which 
reduces or eliminates touch sensation Itching 
IS believed to result from stimulation by a 
chemical mediator which is released when cells 
are damaged It may also be elicited by me- 
chanical or electrical stimulation (Arthur and 
Shelley, 1959) Any agent which eliminates 
pain will also eliminate itching 

The difficulty m identifying specific recep- 
tors for various cutaneous sensations and the 
evidence that nonspecified endings may sub- 
serve a variety of sensations have sometimes 
raised the question of whether the various skin 
sensations are properly considered independ- 
ently The differential response of these var- 
ious sensations would suggest that they do rep- 
resent independent systems For example, 
touch is eliminated first by ischemia or re- 
duced blood flow On the other hand, with the 
administration of cocaine, the sensation of 
cold, warmth, pain, and touch are lost in that 
order Local cooling of the skin results in loss 
initially of the sensation of cold, followed by 
touch, pain, and finally warmth 
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"J /ANALYSIS OF NEURAL CONTROL 
SYSTEMS 


Classes of ileuira! Compeij'Deo’ats 

Every neural control system is made up of 
relatively few types of cells The control is 
always exerted finally upon a muscle (either 
striated, cardiac, or smooth in its histology) or 
upon a gland (either exocrine or endocrine) 
Thus, there are only two general types of 
effector cells, muscle and gland For these two 
kinds of cells, however, there are three types of 
control (Fig 9 1) One type is peculiar to skel- 
etal muscle, another is common to cardiac 
muscle, smooth muscle, exocrine glands, and a 
certain few of the endocrine glands, the third 
IS reserved for endocrine glands only In each 
instance the operation of the control system 
brings about the shortening or lengthening of 
the muscle, or the secretion or cessation of se- 
cretion of a gland 

EFFECTORS AND DETECTORS 

Nerves that control muscles and glands are 
known as effector nerves Most of them leave 
the central nervous system via the ventral 
roots of the spinal cord or the equivalent roots 
of cranial nerves Consequently, they are 
known as efferent because their course is away 
from the brain or spinal cord They are also 
known as motor nerves, although this term is 
hardly appropriate for those that control 
glands 

In contrast to the effector cells are those 
specialized cells that respond to local or envi- 
ronmental changes by sending signals into the 
nervous system These cells are known as re- 
ceptors, as detectors, or as “sensory"’ cells if 
this last term is understood not to imply con- 
scious sensation Their nerves are called af- 
ferent because they run toward spinal cord and 
brainstem, they are also called “sensory” 
merely because there is no other convenient 
word that is more precise in its meaning 


Whereas the cell bodies of effector nerves are 
located in the central nervous system or in 
ganglia of the autonomic nervous system (pp 
9-53-9-65), the cell bodies of detector nerves 
ordinarily he m ganglia on the dorsal roots of 
spinal nerves or within the homologous ganglia 
of the cranial nerves 

In general, the principles of organization of 
detector-effector systems are similar in spinal 
and in cranial nerves, with two exceptions 
These two are the first two of the cranial 
nerves, the olfactory and optic Fibers m these 
nerves are not processes arising from detector 
mechanisms Rather, they are the analogues of 
fiber tracts within the central nervous system 
This comes about because the olfactory bulb 
and the retina are derived from the embryonic 
brain and not from the neural crest, as are the 
other penpheral and cranial sensory nerves In 
fact, the fibers of the olfactory and optic 
“nerves” are longitudinally coursing commi- 
sures of the brain 

There are a very few types of neural control 
where the system includes only the detector 
cell and the detector nerve, and then a direct 
connection with the effector nerve and thence 
with the effector cell Such a system is known 
as a two-neuron arc or monosynaptic reflex 
Under laboratory conditions this type of reflex 
can be demonstrated by stimulation of a dorsal 
root so as to evoke a reflex discharge in the 
ventral root Such reflexes are transmitted 
through the spinal cord with a shorter delay 
than other types of transmission, and have 
been employed as measures of the time re- 
quired for the afferent neuron to excite the ef- 
ferent neuron of the reflex The site of this ex- 
citation is the synapse, a region of intimate 
contact but not fusion of the two neurons 
Delay in transmission across a single synapse 
IS m the neighborhood of 0 6 msec (Renshaw, 
1940) What happens in this interval is de- 
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Section B 


SCHEMA SHOWING DIFFERENTIATION OF NEURON SPECIES 
ACCORDING TO MAGNITUDE OF SOURCES OF 
STIMULI AND FUNCTIONAL TOPOGRAPHY 



Fig 9 1 Major neuron types in mammalian central nervous system classified according to general function 
hierarchical level and probable diversity and magnitude of sources of synaptic connections Bodian in Quarton et al 
1967 


scribed in section 1 of this text, and reconsid- 
ered briefly on pp 9-76-9-82 The experi- 
mental situation where these measurements 
are made, however, is scarcely a physiological 
one, and it seems doubtful that there is any 
naturally occurring control process where only 
two neurons can be said to participate m the 
response One can speak, therefore, of a two- 
neuron reflex, but probably there is no two- 
neuron control system for skeletal muscle 

CONNECTORS 

If two-neuron arcs are not common, then 
most responses must involve units other than 
the detector-effector combination These other 
units are called connectors, or mternuncial 
cells or interneurons Their morphology is es- 
sentially the same as that of detectors and ef- 
fectors, in that they receive, propagate, and 
transmit a disturbance, i e , a nerve impulse 
By their presence in a neural pathway they 
increase the delay of transmission because of 
the introduction of their additional synapses 
Their significance, however, far exceeds this 
perhaps trivial phenomenon, because they 


have the highly important property of being 
able to reverse the “sign” of neural activity If 
the customary effect of a detector neuron upon 
an effector neuron is excitation, the interposi- 
tion of a connector neuron may convert the 
process into its opposite, namely, a suppres- 
sion of activity This suppression is known as 
inhibition It is inhibition in the neural control 
system that permits one muscle to relax when 
its opposing muscle contracts, and that makes 
possible the almost infinite gradation of the 
force of any movement 

Another function of connector neurons is the 
introduction of complexity into control sys- 
tems (Fig 9 2) A network of nerve fibers 
linking detectors with effectors via multiple 
alternate pathways that include connectors has 
the possibility of actions more complex and 
also more subtle than any two-neuron system 
In this sense the connector neurons are analo- 
gous to the plug-in cords of a telephone 
manual switchboard It is true that every tele- 
phone could have a direct line to every other 
telephone m the system But it is apparent 
that the bulk of wiring to every telephone 
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Fig 9 2 Examples of dendritic patterns of neurons which constitute the major cell types of elements m different 
structures of the mammalian brain A outermost three layers of frontal cortex of a 1 -month-old human infant 
Small {a B c ) and large (oandf) medium pyramidal neurons as well as the dentritic process of a large pyramidal 
cell (g) of the fourth layer are shown Cells with double dendritic bouquets (f) and fusiform appearance (ic) are also 
identified B Purkinje cell of the cerebellum from adult human Axon (a) and axon-collateral {b) capillary spaces (c) 
and spaces occupied by basket cells (c/) are indicated C, Pyramidal cells of hippocampus from a 1 -month-old rabbit 
A small pyramidal cells of the superior region b large pyramidal cells of the inferior region Large ascending 
collaterals (a) axons (c) and sites of contact of mossy fibers (h) are to be noted D Frontal section of the thalamic 
somatic sensory nucleus of the cat a few days old a cell with a long axon c d and f cells with short axons f 
sensory fibers G axons of cortical origin terminating in the sensory nucleus £ Cells of the pons from a human in- 
fant few days old a and b cells with axons arising from dendrites c cell with a bifurcated axon F Sagittal section 
of the caudate nucleus from a newborn rat a cells with a long axon b, cells with short axon c ascending afferent 
fibers From Ramon y Cajal cited by Purpura 1967 


would thereby become enormous By making 
these interconnections at a central station an 
economy of number and bulk of peripheral 
transmission lines is achieved, and the possi- 
bility of interconnections is multiplied One 
sees from this analogy that peripheral nerves 
can be fine because they only transmit nerve 
impulses, whereas the spinal cord, brainstem, 


cerebellum, and cerebral cortex must be rela- 
tively more bulky if they are to contain the 
central stations for the switching processes 
The size of a given part of the nervous system 
is largely a function of the number of neurons 
it contains, and hence is an index of the va- 
riety and complexity of its function 
In their ability to alter the nature of activity 
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in a neural circuit, either to increase it — facili- 
tation — or to inhibit it, and in bringing into 
any circuit the possibility of a wealth of alter- 
nate connections, the mterneurons give the 
nervous s>stem an enhanced capacity for what 
Sherrington (1906) called an integrative action 
By this term he meant the creation of an indi- 
vidual from its component reactions Relaxa- 
tion of an extensor muscle during contraction 
of a flexor is an integrative action, as is the 
contraction of extensors in the left leg when 
the right leg is flexed A certain degree of inte- 
gration is programmed into even the simplest 
reflexes m that the detectors make connection 
with appropriate effectors, rather than with 
effectors remote and unrelated to the initial 
stimulus Yet m most instances and especially 
in higher components of the system the inte- 
gration depends largely upon mterneurons 
The nature of the individual assembled from 
unitary responses is a function, therefore, of 
the number of connector units, the diversity of 
their connections, and the complexity and va- 
riety of controls their activity brings into 
play ^ 

Methods of Plifsioiogical Stydy 

ANALYSIS OF NEUROLOGICAL 
DEFICITS 

A '‘natural” method for studying control 
systems is provided by disease and trauma af- 
fecting the nervous system of human patients, 
and domestic or other animals Analysis of 
deficits under such circumstances is the oldest 
method of study, and the one upon which a 
large fraction of all that is known about the 
human brain depends Injuries, knoivn as le- 
sions, occur as a result of nutritional depriva- 
tion, poisoning, infection, tumors, vascular 
occlusion, hemorrhage, and both indirect and 
direct mechanical trauma Because certain 
parts of the nervous system are relatively 
small, even a tiny lesion may result rather 
promptly in a considerable variety of deficits 
The patient may complain of symptoms pro- 
duced by the lesion, while his physician dis- 
covers objective signs of abnormal function. It 
IS the spinal cord and brainstem where small 


^ Electrical and mathematical models of how neu- 
rons interact may be found m papers by Harmon and 
Lewis (1966), Kennedy, et al (1969), and George 
(1970). 


injuries may lead to pronounced changes In 
the cerebral cortex by contrast, where func- 
tions are more subtle and the systems seem to 
possess a high degree of “redundancy,” even 
relatively large lesions may go unrecognized 
The objectives of a neurological examination 
are to identify the site of the lesion, to delimit 
its size, to discover whether it is increasing in 
size or severity, and if so, how quickly, and to 
decide if possible what has caused the injury 
Making these decisions not only requires 
careful and detailed examination, it also re- 
quires a comprehensive knowledge of the loca- 
tion of mechanisms within the neuroaxis In 
many instances the knowledge that is most 
useful is the distribution of spinal nerves, and 
the location of cranial nerve nuclei m the 
brainstem The former can be ascertained 
easily from published maps The latter, how- 
ever, IS of importance so great as to be de- 
serving of being memorized by every physi- 
cian Because the cranial nerv^e nuclei extend 
through the brainstem from upper mesenceph- 
alon to lower medulla oblongata, when they 
are included in a lesion the resulting signs or 
symptoms may give invaluable information 
about where the lesion is and how extensive it 
may be 

Neurological examination utilizes an ancient 
method of study in which a patient is either 
asked to perform some act, is requested to 
describe some experience, or is stimulated so 
as to provoke a sensation or a motor response 
In each of these procedures an input to the 
nervous system is created either verbally or by 
stimulation, and an output is always hoped for 
either in speech or other motor response In a 
qualitative sense these techniques analyze the 
input-output relation of the part of the nervous 
system being investigated Methods that are in 
their logic exactly the same are utilized by 
engineers in analysis of electrical and elec- 
tronic instruments — or by a mechanic working 
on a motor car, for that matter Opening the 
throttle to discover what noise the motor 
makes is an example of input-output analysis 
of a crude variety If it is possible to quantitate 
the stimulus applied, for example, to the skin 
or to one of the organs of special sensation, 
and if it is possible to measure the strength of 
the response, then the techniques of neuro- 
physiology come even closer to those utilized 
for study of inanimate systems One of the 
most striking examples of such an experiment 
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Table 9 1 

Strength of contraction of M Tibialis Anticus (flexor of the foot) in response to stimulation of various cutaneous sensory 
nerves Upon direct stimulation of the motor nerve the maximal force of contraction of the muscle was 2160 gm 


Afferent Nerve Stimulated 

Tension of Maximal 

Reflex Tetanus in Grams 

Reflex Tension 
Expressed as Percentage of 
Maximal Motor Tetanus 

Internal saphenous 

800 

32 

Superficial obturator 

165 

67 

Deep obturator 

400 

16 

Nerve to quadriceps and sartorius 

1190 

44 

Musculocutaneous branch of peroneal 

1700 

69 

External plantar 

1240 

50 

Internal plantar 

1330 

54 

Small sciatic 

680 

28 

Hamstring 

565 

23 

Nerve of sural triceps 

300 (rather low) 

12 

Total 

8370 



Creed et al , 1932 


IS found in a table published by Sherrington 
and his associates (Creed, et al , 1932) and re- 
produced as Table 9 1, it compares the 
strength of muscle contraction after stimula- 
tion of various cutaneous, sensory nerves 
Sherrington was able to predict the nature of 
the connections between afferent and efferent 
neurons in the spinal cord on the basis of the 
data in this table In these experiments the 
input was strong electrical stimulation of the 
sensory nerves one after the other, the output 
was the strength of the resulting contraction of 
the tibialis anticus muscle 
Deficits following Experimental Opera- 
tions. During the development of the specialty 
of neurosurgery in the early years of this cen- 
tury, surgeons began to operate upon experi- 
mental animals for the purpose of learning 
more about functions of the brain, so that neu- 
rological diagnosis and surgical intervention 
might be more effective At first the experi- 
mental lesions were made by ablation, or by 
incision, and they involved principally the 
hemispheres of cerebrum or cerebellum be- 
cause they are accessible to such operations 
The deficits that follow such an ablation may 
yield important information about the nature 
of a control system if some component of the 
system is well localized in a given part of the 
brain This is true of the principal motor and 
sensory systems that are represented just 
ahead of and just behind the central sulcus on 


the lateral convexity of the cerebrum But if a 
given system is diffusely organized, as seems 
to be the case for other cortical mechanisms, 
or if a given part of the brain includes compo- 
nents belonging to many different systems, the 
technique of ablation may have limited useful- 
ness, and may actually yield confusing results 
The neurosurgical approach is handicapped 
also by the obvious difficulty of removing an 
underlying structure, such as one of the basal 
ganglia, without injury to the overlying tissue 
Stereotaxic Surgery. To obviate some of 
these limitations, and especially to make pos- 
sible the study of subcortical structures, an 
English physician-physiologist, Robert Henry 
Clarke, and his better known neurosurgical 
colleague. Sir Victor Horsley, invented a tech- 
nique known as stereotaxic surgery (see Davis, 
1964) For this invention Clarke has been 
called “the Galileo of neurophysiology” (Tep- 
perman, 1970) His method employs a calibra- 
ted frame fastened to the head of the subject 
On the frame is a carrier that can be moved 
from side to side, from front to back, or up and 
down, it carries one or more instruments that 
can be thereby oriented at predetermined posi- 
tions within the brain If the instrument in- 
serted IS an insulated wire, it may be used for 
stimulation, for destruction of tissue by elec- 
trolysis, or for recording (Fig 9 3) Lesions 
made by electrolysis using direct current may 
be as small as a millimeter in diameter, or up 
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Fig 9 3 Stereotaxic instrument (Baltimore) for use 
on cat rat or mouse The head holder moves rostro- 
caudally the electrode carrier moves from side to side 
and up and down and rotates around the top pivots 

to a centimeter if the electrolysis is repeated 
at many positions (Carpenter and Whittier, 
1952) The method may be used also for injec- 
tion of material through a needle or hollow 
tube, or for incision of tissue by means of 
kmfelike wires designed for this purpose Ster- 
eotaxic instruments are available commercially 
for animals as small as mice, as well as for 
operations upon human patients (Fig 9 4)v 
They may be used for implanting electrodes ot 
tubes, in an operation performed under anes-- 
thesia where the implanted instrument is fixed 
to the skull so that it may be utilized long 
after the subject has recovered from the effects 
of the operation (see Anon , 1971) All of these 
advantages combine to give stereotaxic opera- 
tions a pre-eminent place m the techniques of 
neurophysiology 

Recovery from Operations. One of the in- 
teresting characteristics of lesions made exper- 
imentally, which has a parallel in the experi- 
ence of many patients with vascular lesions of 
the cerebrum, is the discrepancy between the 
mitial and the ultimate deficit (Stem et al , 


1969) For example, operations upon the ros- 
tral hypothalamus of cats may be followed by 
a fever during which the animal dies, although 
if the cat IS cooled artificially during this pe- 
riod and kept alive until the fever disappears 
it will attain a fairly normal temperature (Clark 
et al , 1939) The observation that recovery 
occurs in patients who have a paralysis, or a 
sensory disturbance, or a speech defect as 
a result of occlusion of a cerebral blood vessel 
is a common clinical experience In many 
cases the recovery is regarded as “complete,” 
even though neurons of the central nervous 
system are known to have practically no ca- 
pacity for regeneration of severed processes 
Moreover, in mammals, after birth neurons 
can no longer be produced by multiplication or 
differentiation of pnmordial cells How then 
can recovery be explained*^ 

The first and most obvious possibility is that 
neurons made inactive by the injury may later 
recover their function This type of recovery is 
known to occur after pressure is applied to a 
nerve, after cooling, anoxia, or the action of 
local anesthetics Very probably such a se- 



Fig 9 4 Stereotaxic operation upon a human sub- 
ject The instrument is in place for insertion into the 
cervical spinal cord Courtesy of Dr E Ml Todd San Ma- 
rino California 
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quence of events takes place at the margins of 
a lesion following vascular occlusion or elec- 
trolysis It may be that the number of tempo- 
rarily inactivated neurons far exceeds those 
cells that are m fact “destroyed,” with the re- 
sult that recovery does indeed depend upon 
restoration of function in many neurons An- 
other possibility is that the lesion has not fa- 
tally damaged the whole system, but has re- 
moved one component such that remaining 
parts are temporarily out of balance An auto- 
mobile may go too fast when the brakes fail 
suddenly, but it is possible to drive a car at 
conventional speeds even if it has no brakes 
With reference to the fever after injury to the 
rostral hypothalamus, the hyperthermia may 
be a result of release of the system from a 
usual hypothalamic inhibition But the fever 
may disappear when other parts of the system 
once again achieve a more harmonious bal- 
ance, even though a component no longer 
functions Another example may be the phe- 
nomenon of recovery from spinal “shock ” 
After transection of the spinal cord there is 
depression or absence of spinal reflexes below 
the section, in most laboratory animals these 
reflexes gradually return, the duration of the 
recovery ranging from minutes or days in rats, 
to days and weeks in cats The conventional 
explanation is that removal of facilitatory in- 
fluences from higher mechanisms left the 
spinal neurons at first relatively unexcitable, 
but that they later recovered the ability to re- 
spond to reflex type of stimulation even in the 
absence of descending facilitation 
A third possible explanation is that other 
neurons have taken over the function of those 
that were destroyed This possibility is uncer- 
tain and controversial (Lashley, 1929), and 
perhaps related to the phenomenon called 
“learning ” In the spinal cord and bramstem it 
seems highly questionable whether such a 
transfer of function can occur, because even 
tiny but well-placed lesions may cause perma- 
nent deficits Finally, there is the possibility 
that the function being analyzed may be ef- 
fected through redundant systems, and that 
the lesion has removed only a part of the par- 
ticipating mechanisms What is called re- 
covery may be simply the action of the “back- 
up” systems’ taking over the function If this 
IS true, it should be possible by suitable testing 
to demonstrate that a deficit remains m spite 
of the recovery This can be done in animals 


that have survived the postoperative fever of 
rostral hypothalamic injury After they have 
regained a normal body temperature under 
laboratory conditions, they experience another 
bout of fever if they are exposed to a warm 
environment This observation demonstrates 
another important point, moreover, that a test 
IS useful only if it succeeds m revealing a spe- 
cific deficit The input of the test must be se- 
lected so that it will disclose whether or not 
^ome defect in output is present 

Analysis of Subtle Deficiencies, One sees, 
therefore, that the value of any study of a pa- 
tient or a laboratory animal depends upon the 
ingenuity and care with which any deficit is 
displayed and analyzed In clinical neurology 
one of the most significant of the tests avail- 
able IS simply careful observation of a patient’s 
posture and locomotion More than a casual 
approach is needed, however, along with a 
thorough knowledge of the location of both 
sensory and motor mechanisms in cerebrum, 
cerebellum, brainstem, and spinal cord One is 
inclined to emphasize the value of a system- 
atic neurological examination because so many 
students suppose that only a neurologist can 
perform one adequately On the contrary, the 
hmdamentals of a neurological examination 
should be within the skill of every physician 

In the design of neurological tests the discip- 
line of experimental psychology has had an 
important influence The use of conditioning 
techniques, those requiring solution of prob- 
lems such as maze running, the ability to dis- 
criminate between minimal differences in sen- 
sory cues, and many others have greatly ex- 
tended the scope of study of neurological defi- 
cits (chap 8) It IS in this direction that further 
progress in understanding of the nervous 
system is likely to take place, as new and im- 
aginative techniques are devised for disclosure 
of hitherto unknown input-output relation- 
ships 

ARTIFICIAL STIMULATION 

A second type of study of the nervous sys- 
tem, either intact or following some operation 
or injury, depends upon the use of a specific, 
controlled stimulus, of measured intensity if 
possible Tapping a tendon to produce a 
muscle twitch, or stroking the sole of the foot 
to evoke movement of the great toe are fa- 
miliar examples Electrical stimuli may be 
applied directly to peripheral nerves, espe- 
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cially m areas known as “motor points” where 
nerves to muscles he close to the skm (Fig 9 5) 
Sherrington’s experiments using tibialis an- 
ticus (previously described) belong to this cate- 
gory of study, the stimulus being delivered to 
sensory nerves After exposure of the spinal 
cord by laminectomy, or of the brain by crani- 
otomy, electrodes can be applied to central 
nervous structures directly This technique is 
particularly useful for tracing the pathways 
constituting a system, and thus yields a kind 
of functional neuroanatomy 

Techniques of Stimulation. For several 
generations of neurologists the stimulating in- 
strument was an induction coil or “inducto- 
num” with a vibrator in the primary circuit to 
produce alternating current m the secondary 
Strength was varied by altering the relative 
positions of the two coils. If a direct rather 
than an alternating current was desired a bat- 
tery with a voltage divider was connected 
through a switch to the tissue, with a device 
such as a falhng weight, a pendulum, or a 
spring lever arranged so as to open and close 


switches, and thus to give pulses of known 
duration Modern stimulators achieve more 
precise control of frequency, voltage, shape of 
the voltage or current wave, and duration of 
each stimulus by use of vacuum tubes or tran- 
sistors (There is a family resemblance be- 
tween circuits used in stimulators and those 
that trigger the sweep of the electronic beam 
across the screen of a television set) Elec- 
trodes, large, small or micro m size, can be 
applied to the surface or in the depth of the 
brain by stereotaxic methods On the surface 
of the spinal cord, on nerve rootlets, or on dis- 
sected fragments of rootlets, the electrodes 
may be applied under either direct or micro- 
scopic observation As is the case with a study 
of injury or ablation, the success of the stimu- 
lating technique depends mainly upon skill in 
examining what is produced by the stimula- 
tion Sherrington’s results were taken from 
muscle contractions recorded with levers that 
measured shortening (for isotonic contraction) 
or tension (for isometnc contraction) More 
modem techniques utilize, for example, strain 
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guages to measure tension, or complex optical 
systems to measure even the slightest short- 
ening 

A relatively new development is stimulation 
of structures within the brain of human pa- 
tients in the absence of general anesthesia 
This was first done by performing the opera- 
tion under local anesthesia, so that the patient 
was conscious during the stimulation and 
could tell the neurosurgeon what he experi- 
enced when the stimulus was applied (Penfield 
and Rasmussen, 1950) Electrodes for this pur- 
pose may be manipulated stereotaxically An- 
other but similar technique was developed by 
Hess (1954) as a device for inserting electrodes 
through a carrier fastened to the skull (Fig 
9 6) Stimulation can be applied without anes- 
thesia, through long, fine wires attached to the 
electrodes from time to time Or a radio circuit 
may be employed to transmit without wires to 
a receiving unit carried by the subject in a 
collar or harness, with the stimulus applied 
from a portable unit turned on by the radio 
signal (Delgado, 1963) The possibility that 
similar techniques might be used for thera- 
peutic stimulation in human subjects has been 
considered (Mahl, et al , 1964, Delgado, 1970), 
with little question that the procedure can be 
carried out inasmuch as similar devices are 
now being used with great success as pace- 
makers for the heart Chronic stimulation of 
the brain, however, is a somewhat formidable 
idea because it implies the control of a per- 
son’s nervous system by someone else This 
should be noted, therefore, as an example of a 
scientific procedure that can be made to work 
technically, but that has not been adopted for 
general use because of humanitarian or phil- 
osophical reservations One should note also 
that a similar kind of restraint has not been 
applied to the use of drugs, they are both em- 
ployed by persons and prescribed by physi- 
cians for the sole purpose of altering brain 
function, often with little attention to possible 
philosophical objections 

Stimulation may be applied by means other 
than electrical Natural stimulation of sensory 
receptors may be used, or other types of 
stimuli may be introduced artificially Thus, 
thermal, osmotic and chemical stimuli have 
been introduced into the hypothalamus, brain- 
stem and spinal cord for study of appropriate 
control systems Drugs may be likewise admin- 
istered locally by implantation or injection 



Fig 9 6 Electrode carrier fixed to a sectioned 
skull to show how insulated electrodes with bared tips 
can be inserted for stimulation of the brain of a cat with- 
out anesthesia The carrier is fixed to the skull during an 
operation under general anesthesia (Hess 1954) 
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Fig 9 7 Implanted pipette for intracerebral injection 
of solutions (Epstein et al 1970) 

(Fig 9 7) Whereas one drug may act to stimu- 
late a given neural system, another drug may 
suppress whatever activity may have been 
present naturally 

ELECTRICAL RECORDING 

Discovery almost 200 years ago that elec- 
tricity will stimulate muscle, and that active 
muscle produces electricity (Galvani, see 
Mauro, 1969) marked the beginning of parallel 
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developments m studies of electricity and neu- 
rophysiology To detect the presence of an 
electrical current in muscle Gaivani used a 
nerve to another muscle, activity in the first 
muscle stimulated the nerve, and hence the 
second muscle Later authors employed galva- 
nometers of successively improved design, well 
into this century until Erlanger and Gasser 
(1937) adapted to their experiments the use of 
vacuum tubes, amplifiers, and a homemade 
oscilloscope Modern instruments are solid 
state descendants of their instruments The 
important qualities of any recording system 
are its time constant and its signal to noise 
ratio (Renshaw et al , 1940) If the amplifier is 
capacity coupled, with a condenser in series in 
the input, it will respond quickly to high fre- 
quencies but will not faithfully record slow or 
prolonged wave forms Direct coupled ampli- 
fiers, on the other hand, were at first more 
expensive because of problems of stability and 
sensitivity, and are somewhat less versatile 
than the other variety if the strength of the 
signal is previously unknown Modem instru- 
ments, however, are now available commer- 
cially with almost any desired characteristics 
The other property, signal to noise ratio, is 
important in all electronic mstmments. This 
ratio IS significantly greater m amplifiers using 
transistors than with vacuum tubes, because 
random electronic processes m tubes produce 
noise Another consideration in achieving a 
satisfactory signal to noise ratio is the selec- 
tion of electrodes that most faithfully gather 
the potential change in the living system, 
under conditions where other signals are ex- 
cluded 

Microelectrodes. For early studies of living 
systems the electrodes were usually metal 
wires, often platinum or silver, treated so as to 
minimize polarization of the metal at the 
point of contact with the tissue Fine tubes or 
wicks filled with dilute solutions of electrolytes 
were also used, the electrolytes being those 
present naturally in extracellular fluid of the 
animal being studied Woolsey (1958) utilized 
such electrodes m his studies of the termina- 
tion of sensory fibers m the cerebral cortex of 
monkeys When the tubes are fine enough they 
become micropipettes, and can be utilized for 
recording potential changes in the neighbor- 
hood of smgle neurons, or even across the cell 
membrane if a pipette can be inserted inside a 
In regions where there are generous num- 


bers of large ceils, this type of insertion can be 
accomplished frequently enough to permit 
studies of changes m membrane potentials 
associated with stimulation or inhibition of the 
neuron (Fig 9 8) Many investigators, however, 
find it more convenient to use sharpened, in- 
sulated steel wires as microelectrodes, espe- 
cially for unit recording from extracellular lo- 
cations The pipettes used in the expenments 
of Renshaw et al ( 1940) had a tip diameter of 
15 jLt, this measurement is in contrast to sharp- 
ened steel needles of some 50 to 100 ji used by 
Renshaw later (1946), and tip diameters of less 
than 1 fi for micropipettes of Lmg and 
Gerard (1949) (Fig 9 9) 

Electrical Signs of Neural Activity. The 
fact that electrical changes are associated with 
neural activity, and the use of electrical or 
electronic techniques for studying the nervous 
system, occasionally lead to a confusion that 
should be avoided The action potential is not 
synonomous with the nerve impulse, and the 
two terms should not be confused As Erlanger 
and Gasser (1937) phrased it, the action poten- 



Fig 9 8 Apparatus employed with microelectrodes for 
intracellular recording from neurons of spinal cord On 
the left IS the rigid frame supportng the micromanipu- 
lator the latter carries a preamplifier from which the 
microelectrode extends (arrow) The spinal cord is visible 
through a pool of paraffin oil that prevents drying of the 
tissue Other electrodes are for stimulation and other 
types of recording (Eccles 1957) 



Chapter 1 


NEEDLE TIPS 



TOO STIFF- TIP BREAKS 


TOO FLEXIBLE 

Fig 9 9 Drawing of tips of micropipettes used by Ling 
and Gerard ( 1 949) 

tial IS “a sign of nervous activity” — a sequence 
of potential changes that accompanies the 
propagation of a nerve impulse What initiates 
the potential changes is unknown, presumably 
it IS some physicochemical alteration in the 
membrane of the fiber The fundamental 
process of the nerve impulse is conduction or 
propagation of this as yet unidentified change 
As a result of its propagation along the fiber a 
wave of sodium penetration is permitted, to be 
followed in turn by a wave of potassium loss, 
and then eventually by a wave of restoration of 
the integrity of the membrane Each of these 
“waves” IS accompanied or signalled by a cor- 
responding potential change and/or current 
flow 

Fundamental processes that enable a nerve 
fiber to conduct a nerve impulse are presum- 
ably the same in peripheral as in central proc- 
esses of neurons This is in spite of well-recog- 
nized differences between fibers within the 
brain and spinal cord as opposed to those in 
penpheral nerves (For example, centrally lo- 
cated fibers do not have neurolemma cells, the 
sheath cells of Schwann The absence of these 
cells is believed to account for the paucity of 
effective regeneration of axons in spinal cord 
and brain ) Nevertheless, any recording of ac- 
tion potentials from fibers m spinal cord or 
brain is believed to include the prepotentials, 
spikes, and after potentials exhibited by pe- 
ripheral nerves Yet the shape of the waves 
recorded from central fibers is different from 
those recorded m the periphery This differ- 
ence IS caused by peculianes of the recording 
site For example, potentials recorded from the 
surface of posterior white columns of the 
spinal cord do not have the classic form of an 
action potential because the transmission of 
potentials electrotonically throughout the 
volume of the spinal cord at that location con- 
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verts what would have been a monophasic rec- 
ord into a triphasic wave (Lorente de No, 
1947, pp 384-477) Furthermore, the fact that 
many fibers are active at once, and that they 
conduct electrotonically the potentials of neu- 
rons in their neighborhood or even near their 
endings makes the potential records all the 
more difficult to interpret These problems 
also pertain to potentials recorded from the 
dorsal or from the ventral roots, where the 
potentials may reflect conduction in a given 
fiber, or may arise from changes in neurons 
lying near or in contact with their terminals, 
or even potentials m the terminals per se It 
was to provide some resolution of the uncer- 
tainty as to the nature of these dorsal and ven- 
tral root potentials that microelectrodes were 
first employed m the spinal cord by Brock et 
al (1952) (Fig 9 10) Their use has clarified the 
nature of synaptic transmission (see sect 1, 
also pages 9-76-9-82, this section) 

Trarssmission of Control 

LOCAL CONTROL PROCESSES 

In all types of muscle, and in both exocrine 
and endocrine glands, the proximate mecha- 
nism of control is chemical It is the interac- 
tion of some compound or ion with constitu- 
ents of the membrane of the effector cell that 
eventually causes contraction or secretion In 
many, but not all instances, an electrical stim- 
ulus can mimic the effect of the nerve impulse 



Fig 9 10 Photomicrograph of cat spinal motor neuron 
and axon (pyridine silver stain), with superimposed 
tracing of microelectrode tip at same magnification On 
the right is a scale diagram of the Pyrex microelectrode 
used in this experiment (Brock et al 1952) 
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This occurs because electrical currents can 
bring about physicochemical changes m mem- 
branes 

If this IS true for muscle and gland, is trans- 
mission between neurons likewise chemical (or 
physicochemical)'^ It is But the truth of this 
generalization is sometimes obscured by a 
tendency to describe living systems in physical 
terms that imply the presence of purely elec- 
tric or electronic circuits For example, m clas- 
sical neurophysiology a current is said to 
“flow” from positive to negative potential 
sites, whereas in fact any biological potential 
difference is maintained by differential con- 
centrations of ions, and it is ions moving in or 
through solutions that carry current The prop- 
erties of resistance, impedance, conductance, 
and capacitance as applied to neural systems, 
and the diagrams that depict membranes as 
combinations of resistors, condensers, and bat- 
teries are only convenient models The resist- 
ance of a membrane arises from conditions dif- 
ferent from those in a nichrome wire, and the 
membrane potential is different from the 
charge stored in a radio condensor Neverthe- 
less, descriptions of the electrical properties of 
living systems in terms of the properties of 
macromolecules m watery solutions of electro- 
l 3 d:es have been slow to develop What is 
needed is some way to match the known phys- 
ical properties of membranes with the molec- 
ular and ionic constituents 

If proximate control is physicochemical, 
control at a distance is achieved through an 
infinite senes of similar processes This is, of 
course, a backhanded way of characterizing a 
nerve impulse, which is the typical mechanism 
for neural control at a distance Other types of 
remote control depend upon the secretion of 
endocrine glands, the hormones, or other 
chemicals released into fluids of the body as a 
result of metabolic processes These, too, in- 
duce chemical or physicochemical changes in 
membranes of cells they control 

CODING OF SIGNALS 

Approximately 40 years ago Adrian and 
Bronk (1929) demonstrated that the grading of 
activity in peripheral nerves depends upon 
rather simple variables, namely, the frequency 
of generation of nerve impulses, the interval 
during which they are generated, and the 
number of fibers that become active (Adrian, 
This means that information is earned 


from periphery to brain, or from brain to effec- 
tors, m the same way as in a digital computer 
A nerve impulse is one “bit” of information, 
and IS either propagated or not propagated 
The information earned by a nerve, then, is 
first of all a function of the number of bits or 
nerve impulses (Figs 9 11 and 9 12) Another 
possibility of information transfer is in the 
patterning of nerve impulses (Bullock, 1967) 
When a message is sent by telegraphy, for 
example, the operator does not simply count 
the number of pulses, he unconsciously ana- 
lyzes their pattern From dots, dashes, and 
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Fig 9 11 Frequency of discharge of single sensory 
neuron m response to indentation of skin Upper record 
of each pair is action potentials lower record shows in- 
dentation stimulus Depth of indentation is given 'n 
micrometers on ordinate From median nerve of a mon- 
key (Mountcastle 1967) 
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Fig 912 Plot of data from experiments such as 
those of Fig 9 11 Ordinate is derived from the record of 
nerve impulses Cited from Mountcastle 1967 
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pauses he recognizes characters of the Morse 
code A nerve cannot carry the equivalent of a 
dash, but it can transmit patterns of bits that 
represent some biological coding It may be 
that this coding involves a frequency modula- 
tion of the impulse pattern, or some other 
mechanism still more subtle and elegant in its 
operation (Mountcastle, 1967) 

Although transmission of information in the 
nervous system is digital, mechanisms of com- 
putation in spinal cord or brain are more like 
those of an analogue computer When nerve 
impulses arrive at a central terminal they 
bring about quantal, minute release of a trans- 
mitter that then creates or contributes to a 
state that is not unitary, but that can be infi- 
nitely graded upon the membrane of the post- 
synaptic neuron (Fig 9 13) (A similar process 
occurs at receptors before and while they are 
stimulated ) Whether this change is electrical 
or physicochemical is not of greatest impor- 
tance because of the dependence of one on the 
other, as previously noted What is significant 
IS that the integrative actions of the nervous 
system are based upon transmission of bits of 
information, the conversion of bits into time- 
dependent changes of varied intensity, and 
finally the influence of this change upon cells 
or terminals in the region where it occurs Or- 
dinarily this active region is a small locus 
where the terminal of a nerve fiber lies practi- 
cally m contact with the membrane of the next 
element in the pathway 


CENTRAL COMPUTATION 

The nature of the computational processes 
at central terminals is being actively studied 
in many laboratories What may be involved 
was illustrated long ago in the analyses Sher- 



Fig 9 13 Electrical control of frequency of miniature 
end plate potentials (upper record of each pair) during 
passage of a current with cathode near the end plate 
(lower records) Each miniature potential is associated 
with a quantum release of transmitter although re- 
sulting overall effect on postsynaptic membrane is graded 
in essentially infinite number of steps (del Castillo and 
Katz cited from Katz 1971 ) 


rington and his associates made of spinal re- 
flexes (Creed, et al , 1932) When they demon- 
strated that even at the spinal or segmental 
level the spinal cord contains mechanisms 
capable of both exciting and inhibiting suc- 
ceeding neurons in a reflex arc, they gave 
names to the reactions set up within the spinal 
cord by the afferent impulses For this purpose 
they used the analogy of what happens in a 
nerve when it is stimulated electrotonically, 
that IS, by passage of a direct current Such a 
current creates a catelectrotonus under the 
negative terminal and anelec trot onus under 
the positive The catelectrotonus is character- 
ized by what has been called a local excitatory 
state (LES) that is defined as a tendency of 
the nerve to initiate a nerve impulse in that 
location The LES has the property of being 
conducted along the fiber by electrotomc 
mechanisms rather than by the conducting 
system responsible for the nerve impulse Con- 
sequently, the LES falls off sharply m inten- 
sity with distance from the cathode Further- 
more, the LES is not an all-or-none phenome- 
non, m that it can be made stronger by inten- 
sifying the current, or weaker when current is 
reduced Inasmuch as the anelectrotonus under 
the anode has the opposite kind of properties, 
one sees that the LES may be said to have ei- 
ther a positive or a negative sign, tending ei- 
ther to excite or to depress excitation of the 
fiber Finally, when the current is turned off 
the LES decays exponentially, and is not fol- 
lowed by the refractory state that follows con- 
duction of a nerve impulse 

Using the local excitatory state as a model, 
Sherrington and his colleagues supposed that 
an analogous situation is created m the spinal 
cord by the arrival of impulses via afferent 
nerve fibers (Fig 9 14) For the changes in- 
volved he utilized the terms, central excitatory 
state (CES) and central inhibitory state (CIS) 
so as to identify the influence upon the post- 
synaptic neurons The analogy between LES in 
the periphery and what happens centrally is 
clear enough, but there is one significant dif- 
ference In spinal cord and brain the change 
having the negative sign, that is, the inhibitory 
process or CIS, is much more significant than 
any similar change heretofore discovered in 
peripheral nerve or receptors of higher ani- 
mals and man This point cannot be overem- 
phasized 

In spite of intensive study, the nature of the 
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Fig 9 14 Hypothetical time course of central excita- 
tory state (CES) Upper record T-T interval is latent 
period Lower record When a second stimulus is applied 
at point S 2 S 3 or S 4 after an initial stimulus not strong 
enough to induce a nerve impulse the latency of the 
response to the second stimulus depends upon the 
magnitude of the CES at that time (Creed et al 1932) 


CES and CIS remains unknown It is known 
that they have electrotonic components, as re- 
flected m potentials recorded from either 
dorsal or ventral roots Barron and Matthews 
(1938) proposed the hypothesis that the CES 
is, in fact, a central electrotonic state like pe- 
ripheral catelectrotonus (Fig 9 15) In their 
view the CIS is the removal of previously ex- 
isting CES Eccles (1957) and others have con- 
firmed their observations, and using microelec- 
trodes have recorded changes in transmem- 
brane potentials during excitation and inhibi- 
tion Nevertheless, there remains much uncer- 
tainty as to just how the arrival of nerve im- 
pulses in afferent fibers can lead to these alter- 
ations m membrane potentials and thus give 
rise to the potentials that are conducted elec- 
trotonically out through the spinal roots 

The most popular hypothesis to explain 
CES, CIS, and the characteristics of synaptic 
transmission is that the processes are chemical 
in nature, brought about by discharge of a 
compound that is released from nerve endings, 
crosses the minute space to the postsynaptic 
membrane, there to act upon specialized re- 
ceptor sites so as to induce changes in mem- 
brane potential and in excitability (sect 1 , 
chap 3) Evidence for this opinion is impres- 


sive, although indirect In the first instance 
it is taken by analogy from studies oi transmis- 
sion m peripheral parts of the autonomic nerv- 
ous system, where acetylcholine, epinephrine, 
and norepinephrine are known to be respon- 
sible for the transmission process The fact 
that the central nervous system contams these 
compounds, especially acetylcholine and nor- 
epinephrine, and also serotonin (5-OH tryp- 
tamine), dopamine (dihydroxyphenylethyl 
amine) and other compounds known to be 
active in peripheral systems, plus 7 ammo- 
butyric acid (GABA) as a candidate for the 
role of central inhibitor, is taken as support for 
the concept that transmission occurs by sim- 
ilar mechanisms both peripherally and cen- 
trally Furthermore, the localization of these 
compounds, where it is known, is in the end- 
ings where transmission is initiated (de Rober- 
tis, 1964, Peters et al , 1970) Finally, neurons 
in spinal cord and brainstem can be excited or 
inhibited by at least certain of these com- 
pounds injected into their neighborhood, and 
typical changes in membrane potential have 
been reported under these conditions (Grund- 
fest, 1967) 

The possibility that the central computa- 
tional processes are chemical m nature with a 
variety of substances serving as transmitters is 
an intriguing one, because it multiplies the 
number of conceivable types of central control 



Fig 9 15 Electrotonic and action potentials recorded 
from anterior rootlet of cat {A and B) and frog (C) Heavy 
black area at bottom of each record is measure of elec- 
trotonic potential on which action potentials are super- 
imposed A, imposition of reflex excitatory stimulus B 
addition of reflex inhibitory stimulus C Potentials 
evoked by a weight on foot inhibited by contralateral 
reflex stimulation at each arrow (Barron and Matthews 
1938) 


Chapter 1 


Anai/s^c of Neural Comrol Systems 9-1 5 


This concept leads to the possibility of selec- 
tive CES and CIS, in addition to actions that 
are simply plus or minus With perhaps half a 
dozen transmitters acting at millions of loci, 
all having inputs from a variety of downstream 
loci, the resulting permutations and combina- 
tions of circuits offer limitless possibilities for 
controls and integrative actions 

Nserarchv o? Coritroi Fynctsoirss 

SIMPLE CONTROLS 

There are a few instances where control 
mechanisms are localized within tissues or 
organs, and do not require intervention from 
the nervous or endocrine systems Perhaps the 
best known example of this in higher animals 
is the action of acid metabolic products in- 
cluding CO 2 in increasing blood flow through 
small vessels of active muscle The next higher 
kind of control is found in invertebrates (see 
Wiersma, 1967), where reflexes are completed 
m ganglia that are not a part of the “brain” of 
the animal In higher animals including 
mammals there is no clear evidence that this 
type of ganglionic reflex is possible, although 
many investigators have tried to establish its 
presence in autonomic ganglia such as the coe- 
liac and superior mesenteric These efforts 
have been inconclusive, and the best evidence 
is that information from detector mechanisms 
can influence ganglion cells only after trans- 
mission to the spinal cord and back to the 
ganglion via efferent nerves 

In a moment the conduct of information to 
the brain via non-neural routes will be de- 
scribed So far as neural mechanisms are con- 
cerned, however, all information brought to 
spinal cord and brain via nerves arrives 
through only a few pathways — the dorsal roots 
of spinal nerves, the fiber tracts functioning as 
cranial nerves I (olfactory) and II (optic), and 
afferent fibers in cranial nerves V, VII, IX, and 
X Similarly, all neural control leaves the 
brain and spinal cord via either the spinal 
nerves or the cranial nerves (with the possible 
exception of nerves I and II) This pattern of 
neural input and output is common to all ver- 
tebrates, what differs among the several phyla, 
orders and species is the complexity of inter- 
connections between input and output, and 
hence the complexity of the integrations they 
are able to sustain. 


LEVELS OF CONTROL 

From the preceding generalization it follows 
that one should be able to predict the com- 
plexity and variety of possible activities from a 
knowledge of the number of mterneurons and 
their interconnections (Bullock and Horndge, 
1965, p 312) Such a prediction is useful, not 
only in comparative neurophysiology, but also 
in comparison of functions of different por- 
tions of a single nervous system For example, 
the spinal cord of lumbar levels seems rela- 
tively simple in organization (p 9-21), with 
segmental mechanisms subserving reflex re- 
sponses, and with appropnate connections to 
higher and lower mechanisms But the lumbar 
cord as confined in the semiflexible vertebral 
column could not possibly contain the control 
systems required for a man’s walking or run- 
ning The additional neurons required for such 
activities are located in the larger parts of the 
brain, the cerebellum, basal ganglia, and cere- 
bral cortex From this, one can infer the hy- 
pothesis that local controls tend to be of the 
simplest type, with complexity added from 
higher levels — inasmuch as it is the higher 
levels that have the extra neurons This prin- 
ciple was explicitly stated by J Hughlmgs 
Jackson (1890) m a lecture summarizing his 
studies of convulsive seizures He identified 
three levels of control, as follows 

“(1) The lowest or first level is roughly and 
incompletely defined as consisting of cord, 
medulla and pons, and more completely, and 
yet still roughly, as being that sensorimotor 
division of the central nervous system, to and 
from which pass nerves for every part of 
the body 

“(2) The middle or second level (its motor 
province) is composed of centres of the 
Rolandic region (so-called ‘motor region’ of the 
cerebral cortex), and, possibly, of the ganglia 
of the corpus striatum also 

“(3) The highest or third level is made 
up of centres of prefrontal lobes [and] rep- 
resents most complex movements of all parts 
of the body from eyes to perineum 

In considering the nervous system 80 years 
later, one appreciates the clarity with which 
Jackson perceived this organization, but is in- 
clined to modify it by suggesting the presence 
of five, rather than three levels, as follows 

1) Segmental level, where reflex controls of 
spinal cord and brainstem do not depend upon 
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neurons located outside the mam sensory, in- 
ternuncial, and motor columns, 

2) Reticular level (named from the reticular 
formation of the brainstem, see p 9 31), where 
selective facilitation and inhibition modify 
both phasically and tonically the activity of 
segmental reflexes, 

3) Level of unconscious control of ex- 
changes, including pulmonary ventilation, 
water balance, body temperature and energy 
exchange, and involving mechanisms of brain- 
stem and diencephalon, 

4) Level of voluntary control of movement 
of skeletal muscles and of projection of prin- 
cipal sensory systems — cerebral cortex, basal 
ganglia, thalamus, and cortico-pontile-cere- 
bellar pathways that give voluntary motion its 
customary and normal character, 

5) Highest level, presumably cortical, where 
neural activity is not necessarily translated 
into motion or secretion 

The first four of these levels have a common 
property, each succeeding higher level utilizes 
mechanisms resident in lower levels Whether 
this IS true of the highest level is not known 
As many authors have pointed out, one can 
analyze neural functions only in terms of some 
response — some output If a response is ex- 
cluded by definition of the experiment an ob- 
server cannot know whether or not neural ac- 
tivity is taking place We know that someone 
IS “thinking” only when he tells us so 

NON-NEURAL INPUT SIGNAL 
GENERATION 

Outside, and yet in parallel with, these 
levels of neural function is another means of 
communication provided by the blood supply 
to brain and spinal cord Its significance is 
sometimes overlooked It is the means by 
which neural activity can be modified, and 
probably even initiated, as a result of rela- 
tively nonspecific changes extraneous to the 
pathways of nerve fibers That this can occur 
has been shown most clearly in the cases of 
regulation of body temperature, water balance, 
and pulmonary ventilation Warming the 
blood, or changing its os molarity, or altering 
the pressure of CO 2 seems to activate mecha- 
nisms lying in the brain (K the phenomenon is 
not truly activation, it is at least major modifi- 
cation of neuronal output ) Perhaps this only 
shows that the brain contains specialized de- 
tector mechanisms similar to those located in 
the i^nphery^ — for temperature and for taste, 


for example Nevertheless, the disclosure that 
neuronal output can be initiated and/or modi- 
fied by this type of humoral changes raises the 
possibility that other kinds of changes brought 
by the blood may have similar actions on other 
portions of the brain There is evidence that 
portions of the hypothalamus are sensitive to 
circulating hormone levels (sect 7, chapts 2 
and 9) Perhaps other neurons including those 
of the cortex have similar sensitivity This may 
be the manner in which behavior associated 
with reproduction, for example, is initiated by 
the central action of sex hormones (Young, et 
al , 1964) 

The output of a neuron that responds to 
some nonspecific variable such as PcOg, osmo- 
larity or temperature, is analogous to the per- 
formance of an electronic circuit known as a 
signal generator ( Strum wasser, 1967) Such a 
generator may convert a steady, DC voltage 
into pulses of electrons Circuits to do this are 
commonplace in electronic devices, including 
musical electronic organs where the notes may 
be produced in this fashion by oscillators As 
defined in this way any detector that responds 
to a stimulus such as pressure or stretch is a 
signal generator The output of such a cell is a 
rhythmic tram of nerve impulses Although 
it is commonplace in sense organs, this type 
of neuronal activity is not widely recognized 
in discussions of the central nervous system, 
where most authors have a tendency to em- 
phasize the stimulus-response relationship de- 
pendent upon neural as opposed to humoral or 
generalized input Perhaps this explains the 
seemingly endless character of the debate over 
the question of whether every neural output is 
a response to some identifiable input That 
question is most important in its relevance to 
“voluntary” or “spontaneous” motor activity 
Can a movement be truly voluntary, or is it 
necessarily a response to some previous 
stimulation*^ If it is true that the central 
nervous system does contain signal generators, 
then the question of spontaneous activity takes 
on a new significance 

However this may be, microelectrode record- 
ings from brainstem and hypothalamus reveal 
what appears to be central detection, and 
hence signal generation This phenomenon has 
been utilized to explain the respiratory 
“drive,” and it seems probable that it can be 
extended also to the waking state, to con- 
sciousness, and to forms of behavior that in- 
clude locomotion, feeding and drinking 

Significance of Glia. Intermingled with 
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neurons m the brain and spinal cord there are 
other types of cells classified together as glia 
One species, the neuroglia, originates from 
ectoderm as do the neurons, it is found in two 
subclasses, the astrocytes and the oligoden- 
droglia The other, known as the microglia, is 
of mesodermal origin and enters the em- 
bryonic brain when it is penetrated by blood 
vessels (Fig 9 16) 

A variety of functions has been attributed to 
glia, including the supporting of neurons, their 
nourishment in some trophic manner, and the 
repair of injury They must contribute to the 
biochemical and biophysical milieu in which 
the neurons live (de Robert is and Carrea, 1965, 



Fig 9 16 Drawings of typical glial cells A oligoden- 
drocyte B two oligodendroglia lying against a neuron 
C fibrous astrocyte with processes on blood vessel D 
protoplasmic astrocyte E microglial cell in vicinity of 
two neurons From Penfield as reproduced by Copen- 
haver et al 1971 


Bodian, 1967, Trachtenberg and Pollen, 1970) 
In a sense the neurons are subjected on the one 
hand to shifting concentrations of materials in 
the plasma and interstitial fluid phases within 
the brain, and on the other to relatively stable 
rates of exchanges earned on by glia One in- 
teresting possibility IS that the constancy of 
the glia might function as a setpoint for regu- 
lations carried on by neurons For example, if 
the rate of metabolism, and hence of heat pro- 
duction of glia are constant, this might provide 
a setpoint for regulation of body temperature 
Theoretically, this idea might be extended also 
to other chemical and physical properties of 
the environment of neurons as determined by 
the gha in their neighborhood 

PRIORITY AND COMPROMISE 

If there are many levels of controls and only 
a few motor outputs, one must ask just how 
does the efferent component know what it is 
supposed to do*^ What determines whether a 
given set of neurons is employed for posture, 
for walking, for getting food, for copulation, for 
building a fire, or for composing textbooks'^ If 
the nervous system is considered to be like a 
telephone system, with the telephone instru- 
ments representing sites of both input and 
output and with exchanges serving connector 
and computational functions, there at once 
appears a notable difference between the tele- 
phone and the nervous systems When a tele- 
phone line is in use, it cannot be secured for 
another purpose no matter how urgent One 
can imagine, however, a more elaborate ver- 
sion of a telephone system where a given line 
becomes available to whatever caller has the 
greatest need for it, or thinks he has In small 
towns of 50 years ago the telephone system 
worked in this fashion, because one could try 
to persuade the “operator” to interrupt an- 
other conversation so as to make a line avail- 
able for some critical call This is what the 
nervous system always does, it accommodates 
itself so as to maintain certain priorities of ac- 
tion, and in doing so often makes compro- 
mises Pulmonary ventilation is compromised 
during speech, especially during singing; en- 
ergy balance is not maintained during mat mg 
in many species, nor during exposure to high 
environmental temperature m homeotherms 
But more commonly the compromise is, for 
example, that mechanisms preserving posture 
are altered during movement, that activity m 
an efferent system is suppressed for movement 
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of its antagonist, that what might become a 
prolonged movement is converted into a 
phasic or rhythmic alteration In this sense 
there is a hierarchy among even spinal re- 
flexes, with some serving higher integrations 
than others (Sherrington, 1906) Nevertheless, 
even the compromises are brought about, and 
priorities are established, by means of the CES 
and CIS evoked m central mechanisms as a 
result of incoming neural activity, or m re- 
sponse to information transmitted via the 
blood stream It is the characteristic localiza- 
tion, distribution, and intensity of the CES 
and CIS that is essential for every variety of 
central neural activity, even the most elabo- 
rate, intricate, or subtle 

Control MS Reguiation 

DEFINITIONS AND EXAMPLES 

Thus far in this chapter the word control has 
been used in its common English meaning 
This same meaning, however, can have a tech- 
nical significance if control is distinguished 
from a related word, regulation In physiology 
the latter implies more than the former, be- 
cause it IS used by many authors to signify 
that controls tend to preserve some almost 
constant condition For example, the action of 
the heart is controlled, in part by nerve fibers 
from the vagus and from sympathetic nerves 
But blood pressure in the aorta is regulated, 
because these and other control systems keep 
it at an almost constant level There are a very 
few instances in physiology where a constancy 
may occur solely as a result of interaction of 
physical forces This happens, for instance, 
when a resting, fasted man is exposed without 
clothing to an environmental temperature of 
about 28° C Under these stated conditions his 
“basal” rate of heat production will equal his 
rate of heat loss to the 28° C environment 
Usually, however, a constancy of a physiolog- 
ical variable requires a feedback mechanism 
that takes information about the output back 
to the control system so as to modify the na- 
ture of the control Feedback loops are well 
known in mechanical and electrical devices 
The governor on a steam engine, a thermostat 
controlling a furnace, as well as the control of 
an air conditioner all depend upon feedback 
loops In driving a motor car at a constant 
speed, watching the speedometer is the feed- 
back component of the control system Analo- 


gous mechanisms generate regulations in living 
organisms Lavoisier (see Adolph, 1961) and 
Claude Bernard (1878) long ago recognized 
that life depends upon these regulations, and 
that they function to maintain a relative con- 
stancy of composition of the fluids of the body 
They also maintain other constancies, in- 
cluding body temperature, and have profound 
effects upon behavior through their ability to 
direct and even to dominate the activity of all 
parts of the neural and endocrine control sys- 
tems 

According to this concept, then a regulation 
utilizes control systems to achieve a relative 
constancy as a result of detection of some vari- 
able and the interposition of a feedback loop 
between output and input (Fig 9 17) 

Because skeletal muscle contains detectors 
that initiate a feedback of information to the 
spinal cord, one may ask whether the action of 
skeletal muscles is regulated or controlled It is 
a regulation that prevents slackness of mus- 
cles, either at rest or during movement 
Through feedback from muscle spindles (p 
9-82), and with the collaboration of y efferent 
fibers back to the spindles, each muscle is 
maintained at a length appropriate to the posi- 
tion of the joint it moves With reference to 
the control of movement, however, the concept 
of regulation becomes less applicable, in part 
because of problems that arise in the analysis 
of a dynamic (as distinct from a static) condi- 
tion One can identify the possibility of regula- 
tion of motion m a soaring bird, perhaps, or in 
a fish maintaining its place in a moving 
stream, or in the unconscious standing posture 
of almost any subject The rigid caricature of 
standing seen in a decerebrate animal in a lab- 
oratory (p 9-101) IS often given as an example 
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Fig 9 17 Development of feedback control patterns 
A, uncontrolled system B. open-loop control C closed- 
loop control with feedback Grodins, m Yamamoto et al 
1969 
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of a postural regulation, maintained by feed- 
back mechanisms from stretch receptors, joint 
receptors, and the labyrinths, acting upon con- 
trol systems m the brainstem Nevertheless, 
the concept of regulations is not yet ready to 
try to account for the fleeting, shifting, fluid 
movements of a cat’s normal gait 

There is, however, another very interesting 
relationship between the concept of regulation 
and voluntary movements These movements 
are utilized in regulation of body temperature, 
drinking, food intake, and even m pulmonary 
ventilation It is possible voluntarily to alter a 
given regulation for a brief period of time, al- 
though at the risk of inducing air “hunger,” 
thirst, or sensations of chilling or overheating 
Ordinarily the regulation will be reinstated 
and the voluntary disturbance will be counter- 
acted Conversely, regulations often alter vol- 
untary activity — in fact, the dominance of the 
body’s regulations over many forms of volun- 
tary activity seems to be a condition required 
for preservation of life of an individual as well 
as of a species 

SETPOINT 

When controls produce a regulation with 
some constant value, one wonders how the 
system “knows” what this value should be 
Moreover, in many biological systems the 
value changes from time to time, for example, 
normal body temperature is lower than the 
temperature of a working individual, while m 
fever a completely different level may be 
maintained (Hammel, 1965) In engineering 
systems a setpoint requires the generation of 
some type of constant signal against which the 
feedback signal may be compared Whether 
the nervous system is capable of generating 
such a reference signal is a problem of consid- 
erable interest (Hardy, 1965) In biological sys- 
tems there is another possibility, however, that 
has a significance different from the conven- 
tional idea of a setpoint Consider the circula- 
tion and regulation of blood pressure It is con- 
ceivable that the upper limit of aortic blood 
pressure is determined merely by the sensi- 
tivity of stretch receptors m the carotid sinus 
and arch of the aorta If the pressure goes high 


enough to stimulate the receptors, reflexes will 
be initiated to lower the pressure The higher 
the pressure the more active the receptors, and 
thus the more powerful the reflex responses to 
bring the pressure down Similarly, if there is 
somewhere in the body a detector that re- 
sponds to a reduction m blood pressure, with a 
threshold of hypotension at which it becomes 
active, reflex controls to raise pressure can be 
set into action under this set of conditions In 
this model the nervous system that does the 
regulating is not required to contain a gener- 
ator for a setpoint, the constancy of pressure 
being a result of the alternate action of hyper- 
tensive and hypotensive detectors and the con- 
trols they bring into play Thus, conceptually 
the inherent sensitivity of the detectors re- 
places the setpoint generator It follows that 
according to this model the level at which the 
constancy is preserved is a function of the sen- 
sitivity of the detectors Survival of a species 
shows that the essential detectors for all of the 
vital regulating systems have sensitivities in 
the appropriate range 

A final word may be added about how detec- 
tors acquire and maintain this particular sensi- 
tivity In mammals it seems likely that their 
sensitivity is determined by the composition of 
the environment in which they develop The 
detectors of the fetus are exposed to composi- 
tions determined by the mother’s detectors 
There is reason to believe that detectors have 
an intrinsic property of showing least activity 
when the variable to which they respond has a 
value that is unchanging This phenomenon is 
known as adaptation in nerve endings (sect 8, 
chap 1) or as accommodation m nerve fibers 
(sect 1, chap 3) It may be that chemorecep- 
tors in the fetal arterial system, for example, 
acquire a sensitivity that reflects in some 
measure the CO 2 and O 2 pressures in the 
system in utero at the stage when these control 
reflexes became specialized Alternatively, 
their sensitivity might be determined in the 
neonatal period as a kind of physiological im- 
printing In any event, there presumably is a 
continuity of controls and regulations from one 
generation to another on a genetic basis that in 
itself might be the means of determining sen- 
sitivity of the critical detectors 
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All parts of the nervous system of mammals 
including man originate either from the neural 
tube or from the neural crest of the embryonic 
ectoderm The neural crest gives rise to the 
neurons whose cell bodies are located in dorsal 
root ganglia and homologous ganglia on cranial 
nerves, it also produces the postganglionic 
neurons of the autonomic motor system (Fig 
9 18) The neural tube acquires landmarks that 
permit the spinal and cranial portions to be 
distinguished as early as the 3rd week in a 
human embryo Nevertheless, even in the 
adult there is no significant difference in struc- 
ture between the medulla oblongata just above 
and the spinal “medulla” or cord just below 
the foramen magnum Distinction between the 
two IS based on anatomic relations rather than 
on any unique feature of their organization 

EMBRYOLOGY OF THE BRAIN 

The cranial part of the neural tube becomes 
further demarcated into a senes of five “vesi- 
cles,” or fluid -contammg swellings, that even- 
tually produce the neurons of every part of the 
brain How the brain develops from these vesi- 
cles, where neurons of the several parts come 
from, and especially how it flexes upon itself 
^#(Fig 9 19) and comes to occupy the space 
Available in both anterior and posterior fossae 
are fascinating topics, albeit too detailed for 
, consideration here Briefly, the cerebral cortex 
- becomes more and more voluminous as it dif- 
ferentiates with its underlying fibers and basal 
ganglia, until the cortex comes to envelope the 
brainstem as rising bread dough may com- 
pletely overflow and eventually hide the pan in 
which it was mixed To a lesser degree a sim- 
ilar expansion occurs in the cerebellar vermis 
and cortex It is this overgrowth of the cerebral 
cortex in every direction that explains certain 
puzzling relations (Fig 9 20) For example, if a 
cadaver brain is sliced in the coronal plane, 
9-^20 


the section may disclose a number of apparent 
cavities or spaces (Fig 9 33, below) These 
may include the body of the lateral ventricle, 
its inferior horn m the temporal lobe, the third 
ventricle, and perhaps the foramen of Monro 
connecting it on either side to the lateral 
ventricle The puzzle, however, is the presence 
of a cleft that lies between the lateral and 
third ventricles, but that is separate from both 
of them It is the transverse fissure of the 
cerebrum, continuous with the subarachnoid 
“space” that everywhere surrounds the sur- 
face of the bram, and a token here of how the 
diencephalon has been “buried” by overgrowth 
of the telencephalon 

NOMENCLATURE 

Names used to designate the several major 
portions of the central nervous system usually 
describe their appearance or their anatomical 
relations Fiber tracts are known eponymically 
after the anatomists who discovered them, or 
more precisely are given the names of the 
parts they join—the corticospinal pathway, for 
example Another type of designation comes 
from the five embryonic brain vesicles, and 
lends itself to the concept of levels of function 
as presented in the preceding chapter In this 
terminology the origin and level of each of the 
major components may be summanzed as fol- 
lows 

Telencephalon (end bram) 

Cerebral cortex 

Central white matter of the cerebrum, 
corpus callosum, internal capsule 
Basal ganglia claustrum, caudate nucleus, 
globus pallidus, putamen, amygdala 
Hippocampus 

Diencephalon (“m between” brain) 

Thalamus 

Hypothalamus 

Epithalamus pineal gland, stria medullans, 
habenular region and related structures 
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Metathalamus medial and lateral genicu- 
late bodies 

Subthalamus (ventral thalamus) 
Mesencephalon (middle brain) 

Corpora quadrigemma (superior and inferior 
colliculi) 

Cerebral peduncles, substantia nigra 
Tegmentum of mesencephalon 
Metencephalon (“after” brain) 

Cerebellum — cortex and nuclei 

Tegmentum of pons 

Pons 

Myelencephalon (marrow brain) 

Medulla oblongata 

Much of the material that students are ex- 
pected to learn in neurophysiology is, in fact, 
applied neuroanatomy Courses in the latter 
subject usually include information about 
function, because structure and function are 
necessarily linked, and learning one aids in 
remembering the other For this same reason 
an account of how the nervous system works 
and what it does cannot omit certain details of 


Neural plat© 


Neyra! fold 


Neural groove 





Fig 9 18 Development of neural tube and ganglia 
from ectocerm of neural plate and neural crest in human 
embryo (Arey 1 965) 


how it is put together Consequently, a brief 
review of the major components of the central 
nervous system and their connections is given 
in this chapter Students who have previously 
studied neuroanatomy can well afford to go 
directly to Chapter 3 For additonal informa- 
tion about the anatomy of the system, Truex 
and Carpenter (1969) may be utilized, or an- 
other similar textbook Clarke and O’Malley 
(1968) have published a most valuable collec- 
tion of citations to classic work in neurophysi- 
ology and anatomy 

S y li iJ ii' E S 

COfiD 

The gray matter, centrally placed, is com- 
posed of a mass of nerve cell bodies and nerve 
fibers (dendrons and axons), mostly unmyeli- 
nated, supported by a framework of neur- 
oglia It IS well supplied with bloodi vessels In 
the ventral columns are situated the large, 
multipolar bodies (100 pm in diameter) of the 
a motor neurons whose axons leave the cord by 
the ventral roots (Fig 9 21) Each axon ends on 
a group of skeletal muscle fibers — the neuro- 
muscular structure constituting the so-called 
motor unit The small or y cells of the ventral 
columns innervate the intrafusal fibers of 
muscle spindles, and thus control the 
threshold of these important proprioceptive 
Iri^nd-organs In the thoracic and upper lumbar 
segments, the gray substance lying between 
the ventral and dorsal columns shows a small 
lateral projection This is the lateral column or 
horn, it contains a cluster of nerve cells (the 
mtermediolateral cell column) that give origin 


Diencephalon 

Telencephalon 
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Thalamus 
fea/ Pallium 
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flexure 
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flexure 
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1 \ striotum 
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Fig 9 19 External and internal views of vesicles of embryonic human brain His Prentiss-Arey from Ranson and 
Clark 1959 
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Corpus Thalamus 

callosum 


Cerebral 
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Tectum of 
/ mesencephalon 

Cerebral 
aqueduct 
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Hypothalamus 


Optic chiasma / 

Hypophysis 


Cerebellum 


Medulla j 

Fourth ventricle 

Fig 9 20 Medial sagittal section of the human brain From Henie 1868 reproduced from Hollinshead 1967 



Fig 9 21 Location of principal cell groups in grey 
substance of thoracic spinal cord 


to the preganglionic, autonomic fibers which 
also leave the cord via the anterior (ventral) 
nerve roots Functionally these cells are 
connector or mternuncial neurons The well- 
defined collection of cells occupying the inner 
part of the base of the posterior horn is known 
as darkens column^ this group, since it is con- 
fined almost entirely to the thoracic region of 
the cord is also known as the dorsal nucleus It 
IS homologous with the nucleus cuneatus of the 
medulla oblongata To the outer side of the 
base of the posterior column is an area where 
etrands of white matter and prolongations 
feom die main mass or gray matter inter- 


mingle to form a delicate interlacement This 
IS known as the reticular formation (formatio 
reticularis) and is most prominent in the cer- 
vical region It is continuous with the reticular 
formation of the medulla oblongata and pons 
At the apex of the dorsal horn is a cap of what 
appears to be gelatinous matenal containing 
groups of small nerve cells possessing many 
dendrites and named the substantia gelatinosa 
of Rolando It is believed to receive the finest 
fibers (myelinated and unmyelinated) of the 
posterior roots, and rostrally is continuous 
with a sensory column of the fifth nerve, the 
“spinal nucleus ” The remaining part of the 
substance of the dorsal horns constitutes the 
chief sensory nucleus The bar or isthmus con- 
necting the two lateral masses of gray matter 
across the midline contains the central canal, 
derived from the enclosed cavity of the em- 
bryonic neural tube, it is continuous with the 
ventricular system of the brain The parts of 
the gray isthmus in front of and behind the 
central canal are referred to as the anterior 
and posterior gray commissures, respectively 
The surrounding white matter is composed 
of bundles of fibers both myelinated and un- 
myelinated, the former predominating Each 
half of the spinal cord is marked out by the 
fibers of the ventral and dorsal nerve roots into 
three white columns or funiculi — ventral (an- 
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tenor), lateral and dorsal (posterior) The band 
of white matter lying in front of the gray 
commissure is called the anterior (ventral) 
white commissure 

The SpoBiai Werue Kools 

There are 31 pairs of spinal nerve roots, a 
pair from each spinal segment The anterior 
and posterior roots join within the vertebral 
canal just beyond the posterior root ganglion 
to form a corresponding number of spinal 
nerves 

The anterior roots of the spinal nerves are 
composed entirely of efferent fibers These are 
the a and y myelinated fibers to skeletal mus- 
cle, and also, in the thoracic and lumbar re- 
gions, the fine, lightly myelinated pregan- 
glionic fibers of the autonomic nervous system 
The posterior roots are constituted of afferent 
fibers from the skin, muscles, and viscera 
They are the central processes of the unipolar 
cells of the spinal ganglia There is no impor- 
tant evidence that they contain efferent fibers 
The generalization that the dorsal roots are 
afferent and the ventral roots efferent in func- 
tion is called the Bell-Mag endie law Two divi- 
sions of the posterior root, a medial and a lat- 


eral, are distinguished The lateral division is 
largely composed of small unmyelinated fi- 
bers, these, after entering the cord form the 
small triangular area at the tip of the posterior 
horn known as Lissauer’s tract The fibers of 
the medial division enter the posterior col- 
umns of the cord (see Fig 9 22) 

SEGMENTAL DISTRIBUTION OF THE 
SPINAL NERVES 

In the young mammalian embryo and in cer- 
tain adult lower forms, e g , fishes, the body is 
demarcated into a regular series of transverse 
segments or metameres The muscles (myo- 
tomes), skin {dermatomes) and viscera of each 
of these primitive blocks receive innervation 
from the nerve roots of a corresponding spinal 
segment The anterior root of each spinal 
nerve supplies motor fibers to the respective 
myotome, and autonomic fibers to the viscera 
and skin, the posterior root supplies sensory 
fibers to the corresponding dermatome as well 
as to the muscles and viscera In mammals, as 
a result of the outgrowth of the embryonic 
limbs the orderly arrangement of the meta- 
meres from before backwards becomes altered 
In the body of the adult, the primitive meta- 


A GENERAL SOMATIC AFFERENT 
Proprioceptive receptor from 

Skeletal muscle 
Tendon 
Joint capsule 
Exteroceptive receptors for 



MEDIAL BUNDLE - Composed of thickly 
myelinated nerve 
fibers 


LATERAL BUNDLE- Composed of thinly 
myelinated ond non- 
myelinated nerve 
fibers 


GENERAL SOMATIC EFFERENT 
Effectors os 

Motor en d plates of gommo 
efferent axons on small ^ 

intrafusal fibers of muscle spindle 

Motor end plates of alpha efferent 
oxons on lorge extrafusal muscle 
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C GENERAL VISCERAL AFFERENT 
Visceroceptive receptors for 
distension and spasm of 
smooth muscle 


GENERAL VISCERAL EFFERENT __ 

Effectors as simple nerve endings in 

Glandular epithelium ^ 

Smooth muscle 
Cardiac muscle 



Sympathetic 

ganglion 


NEURAL ELEMENTS OF MOST REFLEX ARCS 

1 Receptor ending of sensory neuron 

2 Afferent (sensory) neuron 

3 Internunciol (intercoloted) neuron 

4 Efferent (motor) neuron axons 

5 Effector ending of motor neuron 


Fig 9 22 Diagram of functional components of a thoracic spinal nerve showing distribution of dorsal root fibers as 
they enter the spinal cord Skeletal muscle afferent and efferent fibers are shown in brown Numbers identify elements as 
listed at lower right From Truex and Carpenter 1969 
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meric disposition is observed only in the 
trunk An apparent segmentation is present, 
nevertheless, in the spinal nerves because they 
exit between pairs of vertebrae But then as 
their fibers take their courses to or from the 
limbs, they form the brachial and lumbosacral 
plexuses and, after intermingling freely, issue 
again as the peripheral nerves The latter, in 
consequence, are composed of fibers derived 
from two or more spinal segments, and fibers 
from a given segment pass into several periph- 
eral nerves The muscles supplied by a given 
spinal segment do not necessarily he adjacent 
to one another (the coracobrachialis, for exam- 
ple, IS innervated by the same segments as 
those which supply the muscles of the thumb) 
and a single muscle may derive its nerve 
supply from more than one spinal segment As 
development proceeds and the limbs grow out 
from the trunk, the dermatomes become ar- 
ranged in a senes of narrow areas lying for the 
most part m the long axis of the limb (Fig 
9 23) The skin and muscles of the limbs also 
tend to move away from the visceral structures 
with which they were originally associated and, 
in the adult, structures innervated by a 
common spinal segment may be widely sepa- 
rated Thus, the diaphragm is innervated 
(through the phrenic) from the 3, 4, and 5 cer- 
vical segments which also supply skin and 
muscle in the region of the neck and shoulder 
The heart receives sensory and autonomic fi- 
bers from the upper thoracic segments, these 
segments also supply sensory fibers to the skin 
over the inner aspect of the arm and hand and 
upper part of the thorax This topic will be 
considered farther in its relation to the phe- 
nomenon known as referred pain 

Several methods have been employed by dif- 
ferent investigators in mapping out the derma- 
tomes m animals and in the human subject 
The anatomical method is laborious and con- 


sists m tracing the fibers of a spinal root to 
their terminations in the skin A physiological 
method ('hsolation” or “sensory remainder” 
method) was employed by Shernngton m cats 
and monkeys The area of skin supplied by a 
given segment was demarcated by dividing at 
least two of the sensory roots above and two 
more below it The region supplied by the 
uncut root was revealed as a sensitive area of 
skin bounded above and below by an anes- 
thetic zone supplied by the cut fibers (No 
anesthesia follows cutting of the dorsal root 
fibers of a single spinal nerve, because of 
overlap from adjacent segments ) Foerster 
(1933) used similar methods to map out the 
dermatomes in man He also stimulated the 
posterior roots at operation, and used the re- 
sulting vasodilatation as a means of demar- 
cating dermatomes Similar maps were pre- 
pared by Head (1893) from studies of cases of 
herpes zoster, a condition due to a viral infec- 
tion of cells, usually in a single dorsal root 
ganglion 

The Tracts off the Spinal Cord and 
Brainstem 

Fiber tracts of the cord are divisible into two 
mam groups a) Long tracts, both ascending 
and descending, connect the cord with other 
parts of the central nervous system b) Short 
tracts (mtersegmental or association tracts, 
ground bundles) begin and end within the 
spinal cord and connect different segments 
The fiber tracts making up the substance of 
the respective funiculi are shown diagram- 
mactically m Figure 9 24 

SUMMARY OF FUNCTIONS OF PRINCIPAL 
ASCENDING TRACTS 
A) Fibers Mediating Conscious Sensa- 
tions. i) Fibers mediating thermal and painful 
sensations are part of the lateral divisions of 
the posterior nerve roots, and enter Lissauefs 



Fia B23 A Levels of the spinal cord from which various areas of the surface of the body receive sensory innerva- 
tion B, Diagram to show how development of limb bud alters dermatomal representation 
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Fig 9 24 Location of major spinal pathways Ascending pathways are shown on the right in black descending 
paths are on the left m brown The fasciculus proprius system {sttppted) and dorsolateral fasciculus contain both as- 
cending and descending fibers From Truex and Carpenter 1969 


tract of the spinal cord Immediately, or after 
a very short upward or downward course, they 
enter the dorsal horn and connect with second 
order neurons having axons that cross to the 
opposite side in the white commissures and 
ascend as the ventrolateral spinothalamic 
tract This tract occupies a position in the 
brainstem lateral to the medial lemniscus and 
ends in the posterolateral part of the ventral 
nucleus of the thalamus (Fig 9 25) 

2) The fibers conveying all other sensory 
impulses, e g , from muscles and joints (sense 
of movement and position), and those medi- 
ating the senses of vibration, touch, pressure, 
tactile localization, and spatial discrimination 
enter the cord m the medial division of the 
posterior roots and ascend in the fasciculus 
gracilis and fasciculus cuneatus The fibers 
mediating all of these sensations (except for 
some in the ventral spinothalamic tract con- 
cerned with touch and probably with tactile 
localization) pass without crossing to the nu- 
clei of these fasciculi in the medulla oblongata, 
where they connect with secondary neurons 
The axons of the latter constitute the internal 
arcuate fibers , they decussate with those of the 
opposite side and ascend to the thalamus as 
the medial lemniscus Tertiary neurons convey 


the impulses from thalamus to cerebral cortex 

B. Sensory Pathways That Do Not Reach 
the Cortex Impulses from receptors in mus- 
cles, tendons, and joints, as well as some from 
tactile receptors that are not destined to reach 
the thalamus and cerebral cortex are conveyed 
into the spinal cord by fibers composing the 
medial divisions of the posterior roots These 
fibers connect at once with cells of Clarke's 
column and are continued upwards in the 
dorsal (direct) and ventral (indirect) cerebellar 
- tracts of the same side, mainly, but also of the 
opposite side Some of these impulses, viz., 
those which enter the cervical cord, are con- 
veyed by fibers of the cuneate fasciculus to the 
cuneate nucleus, to be relayed by secondary 
neurons {external arcuate fibers) via the infe- 
rior peduncles to the cerebellum (Fig 9 25) 

SENSORY DISABILITIES FOLLOWING 
LESIONS 

In a transverse spinal lesion interrupting 
solely the posterior fasciculi, vibratory and 
position senses are lost but the sensation of 
touch IS retained, since the fibers which have 
entered the gray matter and crossed below the 
level of the lesion to ascend in the ventral 
spinothalamic tract have escaped injury Like- 
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Dentotothaiamic fibers. 


Anterior spinocerebellar tract 
on surface of superior cerebellar 
peduncle 
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Upper pons 
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Fig 9 25 Proprioceptive pathways ascending from spinal cord through brainstem with connections in cerebellum 
pons and on to thalamus Spinal levels are indicated on the left From Truex and Carpenter 1969 


Wise, although a hemisectwn of the spinal cord 
destroys vibratoiy and position senses on the 
same side and pain and temperature sensibili- 
ties on the opposite side it does not abolish 
tactile sensibility as this is conveyed in both 
crossed and uncrossed pathways 


A lesion in the lower part of the brainstem 
may involve one of the sensory pathways ex- 
clusively of the others Thus, an injury local- 
ized to the outer part of the lower pons or of 
the medulla oblongata by injuring the spinal 
lemniscus may cause loss of sensation to pain. 
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heat, and cold over the opposite half of the 
body and leave muscle sense and tactile dis- 
crimination intact Sensory loss of this nature 
accompanied by ipsilateral cerebellar symp- 
toms occurs as a result of the occlusion (as by 
thrombosis or embolism) of the posterior infe- 
rior cerebellar artery Usually also, as a result 
of the involvement of the bulbospinal tract of 
the trigeminal nerve the face on the same side 
as the occluded vessel shows a loss of pain and 
temperature sensibilities whereas tactile sensa- 
tion which IS transmitted by the mam sensory 
nucleus is largely unaffected A lesion more 
centrally placed may, by implicating the 
medial lemniscus alone, cause the converse 
type of dissociated sensory defect, namely, loss 
of the sense of position of the limbs and of 
spatial discrimination with retention of sensi- 
bility to pain, heat, and cold In lesions at 
higher levels in the brainstem all forms of sen- 
sation are likely to be involved more or less 
equally 

DESCENDING TRACTS OF SPINAL CORD 
AND BRAINSTEM 

1) Corticospinal (Cerebrospinal) Tracts. 
From their origins in the cerebral cortex these 
tracts descend through the cerebrum, through 
the internal capsule on each side, the crus cer- 
ebri of the mesencephalon, the pons of the 
metencephalon, and the pyramid on the infe- 
rior surface of each side of the medulla oblon- 
gata (Fig 9 26) At the lower border of the 
medulla each tract divides into two bundles of 
unequal size, the larger of which crosses to the 
opposite side and descends in the posterior 
part of the lateral funiculus of the cord as the 
lateral corticospinal tract The remaining fi- 
bers uncrossed, descend in the anterior funic- 
ulus as the anterior corticospinal tract In 
most instances the direct or anterior corticos- 
pinal tract IS but a small part of the total 
number of corticospinal fibers (usually not 
over 10%), but the number of fibers in the an- 
terior tract varies and in rare instances most of 
the corticospinal fibers he in this position In 
most cases these anteriorly placed fibers de- 
scend only as far as the upper thoracic spinal 
cord Even these fibers cross to the opposite 
side before terminating on the ganglion cells of 
the antenor gray column There are also direct 
corticospinal fibers lying in the lateral columns 
of the spinal cord which do not cross to the 
opposite side Through these the precentral 


motor cortex sends impulses to ipsilateral skel- 
etal muscles 

All corticospinal fibers whether crossed or 
uncrossed connect with the large motor cells of 
the ventral gray columns (anterior horn cells) 
The connections are of two types, a) direct 
synapses (20 to 30%) with the motor neurons, 
b) indirect connections with these cells 
through an mternuncial neuron whose cell 
body IS also in communication with a posterior 
root fiber on each side It has been estimated 
that from 75 to 90% of the corticospinal fibers 
terminate in the cervical (55%) and thoracic 
(20%) regions of the spinal cord, and about 
25% in the lumbar and sacral regions 

For many years an erroneous belief was en- 
tertained that all of the fibers in the pyramids 
on the ventral surface of the medulla oblongata 
arose from the Betz cells of the precentral 
gyrus and were responsible for all voluntary 
activity of the skeletal musculature It is now 
knovm that this concept contains many errors 
Only a very small percentage of the cortico- 
spinal fibers arise from the gigantic Betz cells 
of the precentral gyrus, approximately 3 to 4% 
The remainder of the corticospinal fibers arise 
from other cells in the precentral gyms, from 
cells m the parietal cortex and perhaps other 
areas There is a question as to whether all of 
the fibers in the medullary pyramids are of 
cortical origin, and some investigators have 
even questioned whether they are all de- 
scending fibers Certainly, all voluntary mus- 
cular activity is not achieved exclusively by 
corticospinal fibers nor by fibers contained in 
the medullary pyramids There are multisyn- 
aptic fiber pathways from the cortex down to 
the anterior horn cells of the spinal cord, 
which are also capable of producing voluntary 
movement 

2) Corticobulbar Fibers. The fibers passing 
from the lower part of the motor area of the 
cortex to the cranial nuclei constitute the im- 
portant corticobulbar tract These bear pre- 
cisely the same relationship to the cells of the 
cranial motor nuclei as does the corticospinal 
tract to the anterior horn cells of the cord The 
corticobulbar fibers, however, cross at various 
levels throughout the brainstem The location 
of these fibers and the corticospinal systems in 
the internal capsule is considered in the fol- 
lowing section on the telencephalon 

3) Vestibulospinal Tracts. Two tracts, a 
ventral and a lateral, are commonly desig- 
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Fig 9 26 Diagram showing course of corticospinal fibers in lateral and anterior corticospinal tracts beginning in 
pyramidal cells of cortex running through internal capsule basis pedunculi pyramid and into spinal cord Location of 
corticobulbar tracts is shown also ing/it side) From Truex and Carpenter 1 969 
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nated, although there is no evidence that they 
serve different functions or that there is any 
significant difference between them The ven- 
tral vestibulospinal tract arises predominantly 
from the spinal or inferior vestibular nucleus 
(m the cat) and descends m the forepart of the 
anterior funiculus of the spinal cord just lateral 
to the anterior corticospinal tract It is a down- 
ward extension of the medial longitudinal fas- 
ciculus (see below, p 9-30) The ^lateral vestib- 
ulospinal tract is a prominent descending 
pathway lying in the anterolateral part of the 
spinal cord It arises from the lateral vestibular 
or Deiter’s nucleus and extends throughout the 
entire length of the spinal cord Most of its 
fibers are uncrossed although a few arise from 
the contralateral lateral vestibular nucleus 
The vestibulospinal fibers terminate either 
upon the anterior horn cells or upon small in- 
ternuncial neurons which m turn form syn- 
apses with the motor cells of the anterior gray 
horns of the spinal cord 

4) Tectospinal Tracts of each spinal half 
arise from the contralateral superior and infe- 
rior colliculi and descend at first as a single 
compact bundle through the reticular forma- 
tion of the brainstem Upon reaching the cord 
the fibers are segregated into two fasciculi, a 
ventral and a dorsal, which descend in the 
ventral and lateral white columns, respec- 
tively The fibers synapse with the spinal mo- 
toneurons, either directly or through mternun- 
cial neurons, especially in the cervical region, 
wherein are situated the centers for the neck 
muscles Impulses from the retina are received 
by the superior colliculus which through such 
impulses, and its spinal connections serves as 
a center for the integration of visual impres- 
sions with body movement, especially of the 
head (uisuospmal reflexes) This center is 
probably of less importance in man, with his 
highly developed visual cortex, than in ani- 
mals Auditory reflexes may also be mediated 
by this tract and the inferior colliculus 

5) Rubrospinal Tract arises from the large 
cells (nucleus magnocellularis) m the posterior 
part of the red nucleus The fibers immedi- 
ately upon leaving the red nucleus cross to the 
opposite side {ForeVs decussation) and de- 
scend through the reticular formation of the 
pons and medulla to enter the lateral funiculus 
of the cord ventral to the lateral corticospinal 
tract In carnivorous animals, e g , cat and dog, 
the rubrospinal tract is large and important In 


the primates, particularly m man, the rubro- 
spinal tract IS so small that its existence has 
been questioned, at any rate it has little if any 
known functional significance 

6) Olivospinal (Bulbospinal) Tract of 
Helweg Its fibers are presumed to arise from 
cells in the neighborhood of the inferior olivary 
nucleus and descend m the ventral and lateral 
part of the lateral funiculus However, its ex- 
istence has been seriously questioned It de- 
scends no farther than the cervical region The 
fibers synapse with motor neurons The func- 
tions of this tract are unknown It and the 
thalamo-olivary tract constitute a possible 
path whereby impulses from the thalamus may 
reach the spinal centers 

7) Reticulospinal Tracts arise from cells 
scattered through the reticular formation of 
the brainstem They are two in number, one m 
which crossed fibers predominate descends m 
the anterior funiculus, the other composed 
mainly of uncrossed fibers, in the lateral funic- 
ulus They connect with the motor neurons in 
the antenor horns and probably with cells in 
the lateral horn Impulses conveyed over this 
complex pathway are concerned with the regu- 
lation of the reflux activity of the skeletal 
musculature, the control of the vegetative 
nervous system, adjustment of the threshold of 
penpheral end-organs such as the muscle spin- 
dles and of the sensory pathways 

INTERSEGMENTAL TRACTS OF THE 
SPINAL CORD 

There is in each funiculus of the cord lying 
close to the gray matter an mtersegmental fas- 
ciculus or ground bundle These, as already 
mentioned, serve to link spinal segments of 
different levels Their fibers arise from cells m 
the gray matter and after an ascending or de- 
scending course of variable length end around 
cells of the same or of the opposite side at a 
higher or a lower level They include groups of 
fibers that have the following names lateral 
mtersegmental fasciculus or lateral ground 
bundle, the anterior mtersegmental or sulco- 
marginal fasciculus, septomarginal fasciculus, 
and the posterior mtersegmental fasciculus 

THE LONGITUDINAL FASCICULUS (OR 
BUNDLE) 

The medial (posterior) longitudinal fascic- 
ulus (or bundle) is a tract of great physiolog- 
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ical importance and is present in ail verte- 
brates It IS composed of fibers which connect 
the 3rd, 4th, and 6th cranial nerves with one 
another and with the vestibular nuclei, and 
makes connections with the motoneurons of 
the cervical segments of the spinal cord The 
tract lies near the midlme and extends from 
the cervical segments of the spinal cord, where 
it is continuous with the anterior interseg- 
mental fasciculus (anterior ground bundle) to 
the floor of the 3rd ventricle In the medulla 
oblongata it lies immediately subjacent to the 
floor of the 4th ventricle, in the pons it courses 
through the formatio reticularis, and in the 
midbram, lies in relation to the gray matter of 
the floor of the Sylvian (cerebral) aqueduct It 
also received fibers from the lateral lemniscus 
(auditory path) and from the superior collicul- 
lus, through which it is in communication with 
the optic pathway The essential function of 
the medial longitudinal bundle is the coordina- 
tion of reflex movements of the ocular and 
neck muscles in response to labyrinthine, audi- 
tory, and visual stimuli 

STRUCTURE OF THE BRAIMSTEWi 

At lower levels of the medulla oblongata the 
homology of brainstem and spinal cord is ob- 
vious upon examination of cross sections As 
sections are cut progressively more rostrally, 
however, the brainstem exhibits more and 
more features that obscure its similarity to the 
cord, and one has to look closely to distinguish 
familiar landmarks As noted already, the 
principal ascending and descending pathways 
of the spinal cord pass through or on the brain- 
stem, these provide useful clues as to the ho- 
mology Other clues are found in the sensory 
and motor nuclei of the cranial nerves If the 
ventricular system of the brainstem is re- 
garded as a modified, displaced, and flattened 
out continuation of the central canal of the 
spinal cord, the gray matter adjacent to the 
ventricles and aqueduct is then seen to be con- 
tinuous with the gray columns of the spinal 
cord Instead of the dorsal-ventral relation 
found m the cord, however, the gray matter m 
the floor of the 4th ventricle possesses sensory 
elements laterally, autonomic motor compo- 
nents m an intermediate position, and motor 
cells medially This comes about because the 
dorsal tips of the gray columns have been, m 
effect, separated until the H of the spinal cord 
has become an open V (Fig 9 27) In many m- 
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Fig 9 27 Schematic cross section of medulla ob 
longata to show appearance in stained section (/eft) and 
pattern of organization (right) Cell columns that contain 
nuclei of origin and termination of crania! nerves are ab- 
breviated as follows GSA general somatic afferent GSE 
general somatic efferent GVE general visceral efferent 
SVA special visceral afferent SVE special visceral 
efferent From Truex and Carpenter 1969 


stances even this relationship is obscured by 
development of other structures, with a result 
that motor nuclei that theoretically should he 
m or near the central gray substance near the 
midlme are found in what appears to be a 
remote position, as in the case of certain nuclei 
of the facial nerve and of nerves IX, X, and 
XI, as described later 

Most of the apparent distortion of relation- 
ships in the brainstem, however, is associated 
with development of the cerebellum, its re- 
lated structures, and its connections The prin- 
cipal functional relation of the cerebellum is 
with the cerebral cortex, their connection is 
achieved through fibers from the cerebrum 
that pass via the internal capsule and cerebral 
peduncles to nuclei imbedded in the pons, and 
thence by fibers of the pons that enter the cer- 
ebellum via the middle cerebellar peduncle 
For this system the mam path of exit from the 
cerebellar nuclei is the brachium conjunctivum 
that runs in the rostral or superior cerebellar 
peduncle to the midbrain and thalamus It is 
the fact that both of these pathways contain a 
relatively large number of fibers, plus the cells 
located in the pons, that give the level of the 
metencephalon those characteristics that 
make it seem so different from the medulla be- 
low it and the mesencephalon above 

That portion of the brainstem that seems to 
run continuously from spinal cord through 
medulla oblongata, metencephalon and mesen- 
cephalon (Fig 9 20) IS known as the te§~ 
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mentum (The name comes from a word that 
means ‘'cover, ” and it is true that generally 
the tegmentum has a dorsad position, espe- 
cially at the level of the pons In the mesen- 
cephalon, however, it in turn is covered by the 
corpora quadngemma or tectum — a word that 
means “roof”) The tegmentum contains the 
complex of cells and fibers known as the retic- 
ular formation, and certain of the nuclei of the 
cranial nerves In the medulla it includes all 
structures except the inferior cerebellar pedun- 
cles above, and the complex of olivary nuclei 
and the pyramids lying inferiorly The “ol- 
ives,” because of their conspicuous projection 
to the cerebellum, may be classified with other 
structures of the brainstem related to the de- 
velopment of the cerebellum 

At the level of the metencephalon, a level 
usually but inexactly known as the pons, the 
tegmentum is hidden by the cerebellum above 
it and the pons below (Fig 9 20) At the level 
of the mesencephalon it is the corpora quadri- 
gemina that he m the superior position, with 
the substantia nigra and crus cerebri placed 
inferior to the tegmentum on each side The 
red nuclei are prominent collections of neurons 
located ventromedially in the tegmentum of 
the mesencephalon, surrounded by fibers of 
the brachium conjunctivum that seem to form 
a “capsule” for the nucleus 

The Reticular Formation 

The central portion of the tegmentum of the 
brainstem is occupied by a diffuse ill-defined 
mass of nerve cells and fibers known as the 
reticular formation It extends downward into 
the spinal cord and upward into the dienceph- 
alon It contains identifiable cell groups, how- 
ever, as these have not been shown to have 
functional significance no cognizance of these 
nuclei will be taken here The reticular forma- 
tion has been defined (see Segundo, 1956) as 
including all areas within the brainstem (ex- 
cepting primary afferent pathways) which 
when stimulated will produce “arousal” (chap 
8, p 9-150) This includes the bulbar reticular 
formation, the pontomesencephalic tegmen- 
tum, the hypothalamus, the subthalamus, and 
the ventromedial portion (including the intra- 
laminar nuclei) and the reticular nucleus of the 
thalamus 

The reticular formation receives afferent 
impulses from a great variety of sources These 
connections are by means of both direct af- 


ferent fibers and collaterals from the main af- 
ferent pathways to the cerebellum and thal- 
amus Thus, the reticular formation receives 
afferent impulses from the optic, the olfactory, 
the auditory, and the gustatory systems as well 
as from the spinal and trigeminal pathways 
which bear impulses concerned with tactile, 
painful, thermal, and vibratory sensibilities 
and sensations from the muscles, joints, and 
tendons, and afferent impulses from the vis- 
cera and other internal structures of the body 
In addition afferent fibers converge on the re- 
ticular formation from the cerebellum, the 
basal ganglia, the thalamus, the rhmenceph- 
alon and the cerebral cortex Peculiarly, only 
certain specific portions of the cerebral neo- 
cortex seem to send afferent impulses to the 
reticular formation These are the orbital, 
oculomotor, sensorimotor and posterior pari- 
etal cortices, the superior temporal and cm- 
gular gyri, and the temporal pole In addition 
the activity of the reticular formation is influ- 
enced by certain hormonal and chemical 
changes (adrenalin, acetylcholine, carbon diox- 
ide, etc) and by many drugs (barbiturates, 
anesthetics, tranquilizmg compounds, etc ) 

In turn, efferent impulses from the reticular 
formation are conducted i) cephalad into the 
brain, particularly to all parts of the cerebral 
cortex, and ii) caudad into the spinal cord 
Because of the multisynaptic character of the 
pathways to and from the reticular formation 
and the small caliber of many of the fibers, re- 
ticulocortical conduction is much slower than 
in the pnmaiy sensory system The reticulo- 
spinal fibers run bilaterally in the lateral and 
ventral white columns of the spinal cord and 
transmission in this system is thought to be 
quite rapid 

Cranial Nerwes 

Cranial nerves are numbered from above 
down, and will be considered m that order 
here even though this is contrary to the outlme 
of the other material in this chapter (Figs 9 28 
and 9 29) The nuclei of origin of the motor 
components of the cranial nerves will be classi- 
fied as follows 

1) Somatic efferent — to striated muscle via 
nerves III, IV, VI, and XII, 

2) General visceral efferent — to smooth 
muscle and glands, via nerves III, VH, IX, and 
X, 

3) Special visceral efferent — to striated 
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muscles derived from branchial arches, fibers 
run in nerves V, VII, IX, and X (and XI) 

The nuclei of termination of afferent fibers, 
the nuclei that contain the cell bodies of 
second order sensory neurons, have the fol- 
lowing classification 

4) Visceral afferent — receiving taste and 
other fibers brought via nerves VII, IX, and X, 

5) General somatic afferent — sensory nu- 
cleus and nucleus of the spinal tract of nerve 
V, a small contribution from nerve X, 

d) Special somatic afferent — vestibular and 
cochlear nuclei of nerve VIII 

Autonomic motor components of the cranial 
nerves belong to what is known as the para- 
sympathetic portion of that system Their sig- 
nificance is discussed in the following chapter 
The general location of all of these nuclei is 
represented in relation to surface anatomy of 
the brainstem m Figure 9 30 

OLFACTORY AND OPTIC NERVES 
(I AND 11) 

As noted earlier, these are not nerves like 
the other 10, m that they develop differently 


and have different types of connections The 
afferent fibers they contain do not arise from 
cells located m ganglia outside the central 
nervous system Rather, these two nerves 
should be regarded as fiber tracts of the brain 
Their function is considered in section 8 The 
olfactory nerve seems to contain only afferent 
fibers, whereas the optic nerve includes also 
fibers passing from the central nervous system 
to the retina 

OCULOMOTOR. TROCHLEAR AND 
ABDUCENS NERVES (III IV AND VI) 

The oculomotor nerve innervates all ex- 
trinsic muscles of the eye except the superior 
oblique muscle (innervated by trochlear nerve) 
and lateral rectus (by abducens nerve) These 
motor fibers arise from three separate somatic 
motor nuclei that belong to the column that 
includes also the motor nucleus of the hypo- 
glossal nerve Autonomic fibers (preganglionic, 
see following chapter) to intrinsic muscles of 
the eye also run with the oculomotor nerve 
from their origm in the Edinger Westphal nu- 
cleus in the mesencephalon — the most rostral 
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Fig 9 28 Inferior surface of human brain and upper part of the spinal cord From Henie 1868 reproduced from 
Hollmshead, 1967 
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of the four general visceral motor nuclei Af- 
ferent fibers from extrinsic muscles of the eye 
are said to run in all three of these nerves, but 
their central connections are uncertain 
The oculomotor nerves originate in the mes- 
encephalon, and leave the brainstem in- 
feriorly and medially on each side between the 
midline and the medial border of the cerebral 
peduncle Fibers of the trochlear nerve run 
dorsally around the central grey substance of 
the mesencephalon, cross in the region su- 
penor to and between the inferior colliculi, 
leave the brainstem, and then course around 
it en route to the orbit By its crossing this 
nerve becomes unique among nerves supply- 
ing extraocular muscles The abducens nerve 
makes its exit from the brainstem at the cau- 
dal border of the pons not far from the midline 

TRIGEMINAL PATHWAYS 
The trigeminal nerve appears on the lateral 
surface of the pons The nerve has three roots, 


i) a large sensory, li) a mesencephalic that is 
also sensory, and m) a small motor (Fig 9 31) 

The fibers of the sensory root convey impulses 
from the anterior part of the scalp, from the skin of 
the forehead and face, with the exception of an area 
over the lower border of the mandible It also sup- 
plies the mucous membrane of the mouth, anterior 
two -thirds of tongue and nose, the cornea and con- 
juctivae, and part of the intracranial dura mater 
This root arises from the cells of the gasserian (semi- 
lunar) ganglion, which corresponds to a spinal poste- 
rior root ganglion The processes of the ganglion cells 
divide into peripheral and central branches The 
former enter into the composition of the peripheral 
divisions (ophthalmic, maxillary, and mandibular) of 
the nerve, the central branches (which constitute the 
sensory root of the nerve) enter the pons m close 
association with the fibers of the motor root and di- 
vide into an ascending and a descending group in a 
manner homologous with a spinal root fiber The 
ascending fibers convey impulses of light touch, tac- 
tile discrimination and localization, and of the sense 
of position and passive movement They end m a 
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Fig 9 30 Dorsal view of human brainstem with positions of cranial nerve nuclei projected upon the surface 
Motor nuclei are on the left sensory nuclei on the right Herrick from Ranson and Clark 1959 



Fig B 31 Diagram of peripheral and central distribu- 
tion of sensory and motor fibers in trigeminal nerve 1 
ophthalmic II, maxillary, and III mandibular d-vsions From 
Truex and Carpenter 1969 


nucleus {mam or upper sensory nucleus of the tri- 
geminal nerve) situated in the pons, deep and lateral 
to the motor nucleus The axons of cells in this nu- 
cl^ ascend ynth those from the spinal nucleus of 


the trigeminal nerve (see below) to form the trigem- 
inal lemniscus The descending fibers constitute the 
bulbospinal tract of the trigeminal nerve They sub- 
serve sensations of pain and temperature over the 
entire trigeminal area They descend through the 
pons and medulla oblongata and may be traced as 
far as the 2nd cervical segment This tract dwindles 
gradually in its descent, its fibers terminating 
around cells m the substantia gelatinosa of Rolando 
which in this situation is referred to as the spinal 
nucleus of the trigeminal nerve From the spinal 
nucleus the axons of secondary neurons swing down- 
ward in the spinal tract of the trigeminal nerve as 
far as the upper cervical spinal cord They then cross 
the midline and turn upward In the upper part of 
the medulla oblongata they join fibers arising from 
the upper sensory nucleus to form the trigeminal 
lemniscus (or fillet) The trigeminal lemniscus lies in 
close association with the medial and the spinal 
lemnisci (spinothalamic tracts) (p 9-25), its fibers 
terminate in the posteroventral nucleus of the thal- 
amus 

The mam sensory nucleus of the trigeminal 
corresponds to the nuclei of the postenor col- 
umns of the spinal cord (nuclei gracilis and 
cuneatus) and like the latter sends fibers to the 
cerebellum through the inferior cerebellar pe- 
duncle The spinal tract of the trigeminal 
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nerve may be looked upon as corresponding to 
the tract of Lissauer (p 9-24), and the spinal 
nucleus as an extension upwards of the sub- 
stantia gelantmosa of Rolando 

A number of reflexes are mediated through 
the afferent fibers of the trigeminal nerve, e g , 
corneal, winking, sneezing, and oculocardiac 

The mesencephalic root consists of a small 
bundle of afferent fibers which run in company 
with the fibers of the motor root Entering the 
pons they ascend to the mesencephalic nucleus 
of the trigeminal, an elongated collection of 
first order sensory nerve cells extending from 
the level of the motor nucleus to the upper re- 
gion of the midbrain The nucleus is looked 
upon as a group of cells homologous with the 
gasserian (semilunar) ganglion and the poste- 
rior root ganglia of the spinal nerves, but 
which has migrated or been “drawn” into the 
brainstem at an early period of phylogenetic 
development It is believed to receive propri- 
oceptive impulses from the muscles of masti- 
cation and possibly from the ocular muscles 

The motor root fibers arise from a nucleus in 
the upper part of the pons underlying the lat- 
eral part of the floor of the 4th ventricle The 
nucleus receives fibers from the corticobulbar 
tract of the opposite side and also probably 
from the same side The motor root after its 
emergence from the brainstem, travels periph- 
erally with the sensory root and, passing deep 
to the gasserian ganglion, joins the mandibular 
(3rd) division of the trigeminal nerve to supply 
the muscles of mastication (temporal, masseter 
and pteiy golds) 

Lesions Involving the Trigeminal Path- 
ways Either the peripheral portions or the 
central connections of the nerve may be the 
seat of disease A lesion of the nerve peripheral 
to the ganglion is more likely to involve only 
one of its three divisions Pam, or loss of sensi- 
bility over the distribution of the divison af- 
fected, may result If the gasserian ganglion is 
mvolved the disturbance of sensation usually 
involves the area of distribution of more than 
one division, often of the entire nerve If as a 
result the eye is rendered anesthetic the pa- 
tient may develop an ulceration of the cornea 
and an inflammation of the cornea and con- 
junctiva This has often been referred to as a 
neuroparalytic keratitis and has been attrib- 
uted to the loss of some obscure trophic influ- 
ence of the nerve Actually it results from the 
fact that the eye is anesthetic and can be in- 


jured easily by a foreign body or by scratching 
without any discomfort to the patient The eye 
is then likely to be neglected by the patient 
because it is not painful As a result he may 
lose his sight or even his eye 

Herpetic eruptions may result from the in- 
volvement of the gasserian ganglion Sponta- 
neous herpes zoster usually involves the area of 
distribution of the ophthalmic division and is 
often serious because the lesions on the cornea 
may lead to corneal opacity and loss of vision 
Such herpes is also commonly followed by a 
very distressing postherpetic neuralgia which 
IS very difficult to treat satisfactorily 

The trigeminal nerve, or one of its divisions, 
is sometimes the seat of a severe and intract- 
able type of pain which recurs in paroxysms 
(trigeminal neuralgia, tic douloreux) The 
cause of the affection is unknown 

Paralysis of the muscles of mastication with 
reduction in the strength of the bite on the af- 
fected side and deviation of the mandible to- 
ward the paralyzed side when it is opened oc- 
curs when the motor division is involved 

THE FACIAL NERVE 

The facial nerve consists of a large motor 
and a small sensory portion The two portions 
or roots appear at the lower border of the pons 
and enter the internal auditory meatus m 
company with the auditory nerve (Fig 9 32) 

The sensory root of the facial, which is also 
known as the nervus intermedins of Wrisherg, 
contains not only afferent fibers but secretory 
and vasodilator (parasympathetic) fibers as 
well 

The sensory fibers arise from the cells of the 
geniculate ganglion The peripheral processes 
of these cells are distributed through the 
chorda tympani branch of the facial nerve to 
the taste buds and mucous membrane of the 
anterior two-thirds of the tongue, and through 
the nerve to the pterygoid canal (formed by 
the union of the greater superficial petrosal 
and the deep petrosal nerves), and the spheno- 
palatine ganglion to the lacrimal gland and the 
mucosa of the soft palate and posterior part of 
the nose The chorda tympani branch joins the 
trunk of the lingual nerve through which it is 
conveyed to the floor of the mouth The cen- 
tral processes of the ganglion cells end in the 
sensory nucleus situated m the upper part of 
the tractus solitarius Fibers arise from the 
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Fig 9 32 Components and distribution of the facia! nerve (Treux and Carpenter 1969) 


latter and ascend in the medial fillet of the 
opposite side to reach the thalamus 

The parasympathetic fibers arise from the 
superior salivatory nucleus which lies in close 
relation to the motor nucleus of the facial 
After leaving the brainstem in the sensory root 
the parasympathetic secretory and vasodilator 
fibers pass via the great superficial petrosal 
nerve and nerve to pterygoid canal (formed by 
the union of the great superficial and deep pe- 
trosal nerves) to the sphenopalatine ganglion 
from where the postganglionic fibers arise to 
pass to the lacrymal gland, and to the vessels 
and glands of the palate and posterior part of 
the nose The secretory and vasodilator fibers 
to the sub maxillary and sublingual glands 
leave the facial with the taste fibers in the 
chorda tympani branch 
The motor part of the facial is conveyed 
through the facial canal of the temporal bone 
to the stylomastoid foramen After its emer- 
gence from the latter it is distributed to mus- 
cles of the face, auricle, and forehead. The 
motor fibers arise from a nucleus in the lower 


part of the pons and pass backwards to the 
lower end of the nucleus of the abducent nerve 
Then ascending to the upper end of the latter 
they bend and sweep downwards and forward 
to where they leave the brain As the facial fi- 
bers take this arched course to the point of 
their emergence from the brainstem, they, 
together with the abducent nucleus, form a 
prominence in the floor of the 4th ventricle, 
known as the facial colliculus 
Facial Paralysis. The effects of interrup- 
tion of the facial pathway vary in certain im- 
portant features according to the level at 
which the injury occurs In the paralysis re- 
sulting from division to the trunk of the facial 
nerve all the muscles of the affected side of the 
face are completely paralyzed The subject is 
unable to close the eye owing to paralysis of 
the orbicularis oculi, or to frown, the eyebrow 
droops The mouth is drawn over to the sound 
side by the unparalyzed muscles and the mus- 
cles of the affected side do not take part in the 
facial expression of emotional states, e g , 
laughing or ciying 
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Facial paralysis may result from a lesion 
involving 

1) The motor nucleus or the intrapontme 
course of the motor fibers (tumors, hemor- 
rhage, etc ) 

2) The nerve as it crosses the posterior fossa 
of the skull to reach the internal auditory mea- 
tus, as in fractures of the skull or tumors m 
this location, the sensory portion and the audi- 
tory nerve are commonly involved as well, 
with loss of the sensation of taste over the an- 
terior two-thirds of the tongue, and deafness 
on the affected side 

5) The nerve m its course through the tem- 
poral bone as in fracture of the skull or in 
otitis media, inflammation of the nerve within 
the facial canal (aqueduct of Fallopius ) — BelVs 
palsy — may occur 

4) The nerve after its emergence from the 
stylomastoid foramen, as it lies behind the 
angle of the jaw, inflammation, parotid tu- 
mors, or accidental injuries may implicate the 
nerve in this situation 

VESTIBULOCOCHLEAR NERVE 

The 8th cranial nerve is a true nerve, dif- 
ferent from the olfactory and optic nerves even 
though in function the three nerves seem com- 
parable because they innervate organs of spe- 
cial sensation One of the major parts of this 
nerve contains sensory fibers from neurons 
located in the vestibular ganglion, with periph- 
eral processes innervating semicircular canals, 
utricle, and saccule The other major part con- 
tains sensory fibers from cells of the spiral 
ganglion of the cochlea, their short, peripheral 
processes supply the hair cells of the organ of 
Corti A third and minor part of the nerve con- 
sists of efferent fibers to the organ of Corti, 
where they apparently modulate the sensi- 
tivity of the hair cells (Galambos, 1956) This 
group of fibers is known as the efferent coch- 
lear bundle 

More complete information about the func- 
tions of this nerve is given in the section on 
“Sensory Systems,” section 8, chapter 2 

GLOSSOPHARYNGEAL NERVE 

The glossopharyngeal nerve contains motor, 
secretory, vasodilator, and sensory fibers The 
nerve emerges from the side of the upper part 
of the medulla oblongata m the groove be- 
tween the olive and the restiform body Its spe- 
cial visceral motor fibers arise from the upper 


part of the nucleus ambiguus situated m the 
reticular formation of the medulla oblongata 
They are distributed almost entirely to the 
stylopharyngeus muscle, a few terminate in 
the circular and longitudinal muscle of the 
upper part of the pharynx However, division 
of the glossopharyngeal nerve, which is done 
for glossopharyngeal neuralgia, produces no 
motor disability so far as the patient is con- 
cerned Secretory and vasodilator fibers are 
the axons of cells lying in the inferior saliva- 
tory nucleus, which he below the superior 
nucleus of the same name Via the tympanic 
branch of the nerve they supply the tympanic 
plexus, the small superficial petrosal nerve, the 
otic ganglion, and thence the parotid gland 
The sensory fibers arise from cells m the supe- 
rior (jugular) and inferior (petrous) ganglia of 
the glossopharyngeal nerve The peripheral 
processes of the cells of the latter ganglion 
supply the taste buds of the posterior third of 
the tongue Those from cells of the superior 
ganglion mediate ordinary sensations (touch, 
thermal, etc ), from this part of the tongue and 
the mucosa of the pharjmx and postenor part 
of the mouth, the central processes (superior 
ganglion) terminate in the dorsal nucleus of 
the vagus and (inferior ganglion) in the lower 
part of the tractus solitarius Fibers (secondary 
neurons) pass from the latter nucleus and, 
crossing to the medial fillet of the opposite 
side, ascend to the thalamus, from where 
axons of tertiary neurons pass to the cortical 
area for taste 

The carotid sinus nerve is another important 
afferent branch of the glossopharyngeal nerve 
It IS concerned with the conduction of im- 
pulses from the carotid body and the carotid 
sinus to the medulla oblongata These im- 
pulses and their frequency are determined by 
chemical changes in the blood which are de- 
tected by the carotid body and by changes in 
the blood pressure which are detected by the 
carotid sinus These afferent impulses are con- 
cerned m reflex activities which take part in 
controlling the pulse rate, the respiratory rate, 
and the blood pressure 

VAGUS NERVE 

The vagus nerve contains motor, secretory, 
vasodilator, and sensory fibers The secretory 
and vasodilator fibers and the fibers to the 
involuntary muscle of the bronchi, heart, 
esophagus, stomach, small intestine, gallbiad- 
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der, etc (parasympathetic fibers) arise from 
cells m the dorsal nucleus of the vagus (prin- 
cipal autonomic nucleus) This gray mass is 
the principal autonomic motor mechanism in 
the brainstem It belongs to the general vis- 
ceral efferent group of nuclei, and extends 
upwards from the lower closed part of the 
medulla oblongata to beneath the floor of the 
4th ventricle at the level of the striae medul- 
lares The special visceral motor fibers arise in 
close relationship with the motor fibers of the 
glossopharyngeal nerve, namely, from the cells 
of the nucleus ambiguus lying below the glos- 
sopharyngeal neurons They supply (through 
the supenor laryngeal branch) the cricothyroid 
and arytenoid muscles of the larynx, and the 
inferior constrictor of the pharynx The phar- 
yngeal and recurrent laryngeal branches of the 
vagus also convey motor fibers many of which 
are derived from the bulbar nucleus of the ac- 
cessory nerve (see below) to the pharyngeal 
muscles (with the exception of the stylophar- 
yngeus), and to the muscles of the soft palate 
(except the tensor palati) and larynx (except 
the cricothyroid) The cell bodies of the sen- 
sory fibers he m the inferior ganglion of the 
vagus (ganglion nodosum) The peripheral 
processes of these cells convey impulses from 
the lungs, heart, larynx, pharynx, esophagus, 
stomach, small intestine, and gallbladder 
They also, through the anterior laryngeal 
branch, innervate the taste buds of the epi- 
glottis and valleculae (the depressions lying at 
the sides of the fold running from the epi- 
glottis to the base of the tongue) The taste fi- 
bers end centrally by synapsing with cells in 
the gustatory nucleus lying in the upper and 
medial part of the tractus solitarius These 
impulses are relayed upwards along the same 
paths as those conveying other taste impulses 
Afferent vagal fibers from visceral structures 
terminate in the dorsal nucleus This latter is, 
therefore, both motor and sensory in function 
and constitutes an important visceral reflex 
center It contains the cardioinhibitory and 
vomiting centers 

Vagal afferent filaments travelling in Ar- 
nold’s nerve mediate the general sensations of 
the skin lining the external auditory meatus 
and a small area behind the auricle Irritation 
of these fibers may cause reflex coughing 
These sensory fibers have their cell stations in 
the jugular ganglion 


Corpus callosum 



Column of fornix 
Lateral ventricle 
Coudote nucleus 
Third ventricle 
Internal capsule 
Globus pollidus 
Putomen 
Optic tract 

Mammillary body 


Fig 9 33 Cross section of cerebrum through thalamus 
and basal ganglia to show relations of these structures 
corpus callosum ventricular system and other portions 
of the brain Mammillary bodies are in caudal part of hy- 
pothalamus From Truex and Carpenter 1969 


SPINAL ACCESSORY NERVE 

The spinal accessory nerve is entirely motor 
and is made up of a bulbar and a spinal root 
The bulbar or special visceral motor root arises 
from the lower (caudal) end of the nucleus 
ambiguus from cells situated below those 
which give origin to the motor fibers of the 
vagus The bulbar fibers join the vagus within 
and below the jugular foramen and are distrib- 
uted, as already mentioned, in the pharyngeal 
and recurrent branches of the latter nerve, 
these fibers of the spinal accessory nerve in- 
nervate the muscles of the larynx, with the 
exception of the cricothyroid, the muscles of 
the pharynx and those of the soft palate, with 
the exception of the tensor palati (which is 
supplied by the 5th cranial nerve) The spinal 
root IS somatic motor and is composed of the 
axons of a group of cells in the antenor gray 
column of the spinal cord extending from the 
1st to the 4th or 5th cervical segment inclu- 
sive These fibers supply the sternocleido- 
mastoid and trapezius muscles The spinal 
part of the nerve exchanges fibers with the bul- 
bar part in the jugular foramen 

HYPOGLOSSAL NERVE 
The hypoglossal nerve is also said to be 
purely motor, although it may carry propri- 
oceptive fibers from the tongue* Its fibers are 
derived from a somatic motor nucleus situated 
near the midline m the floor of the posterior 
part of the 4th ventricle and medial to the 
nucleus ambiguus It supplies the thyrohyoid, 
styloglossus, hyoglossus and genioglossus mus- 
cles, and the intrinsic muscles of the tongue 
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Thalamus 

This large gray mass is related medially to 
the 3rd ventricle which lies between the 
thalami of the two sides The thaiami are 
joined across the midline by an isthmus, the 
massa intermedia (Fig 9 20) The posterior 
limb of the internal capsule lies upon the outer 
side of the thalamus and separates it from the 
lentiform nucleus Above the thalamus is the 
lateral ventricle, a part of whose floor it forms 
(Fig 9 33) In front is the head of the caudate 
nucleus, the arched body of the latter is re- 
lated to the upper part of the lateral surface of 
the thalamus Below the thalamus are the 
corpus of Luys (subthalamic nucleus) and the 
forepart of the red nucleus 

NUCLEAR GROUPS 

There are five mam nuclear masses in the 
thalamus 

A) Nuclei of the Medial Mass. 1) Anterior 
Nuclei These form a mass which bulges into 
the lateral ventricle (Fig 9 34) They receive 
fibers from the mammillary bodies (tract of 
Vicq d’Azyr), and they send fibers to the 
paracentral lobule and the posterior part of the 
cingular gyrus on the medial aspect of hemi- 
sphere 2) Dorsomedial Nuclei These consist 
of a dorsolateral group of small cells, and a 
medial collection of large cells The former 
project to prefrontal areas of the cerebral 
cortex The large-celled portion is connected 
by both afferent and efferent fibers with the 
hypothalamus, it also projects to the corpus 
striatum, and has rich afferent connections 
with other thalamic nuclei The dorsomedial 
nuclei are said to serve as an association center 
for visceral and crude somatic sensations 



Fig 9 34 Drawing that shows relations of mam divi- 
sions of the thalamic nuclei 


B) Nuclei of the Lateral Mass 1) Ventral 
Group This consists of a) Anterior ventral 
nucleus (also known as the ventral anterior 
nucleus) which receives fibers from the globus 
pallidus and projects to different parts of the 
corpus striatum, but not to the cerebral cortex 
This nucleus occupies the most anterior (ros- 
tral) extremity of the lateral mass h) Lateral 
ventral nucleus (the ventral lateral nucleus) 
The fibers entering the anterolateral part of 
this nucleus arises in the globus pallidus, 
whereas those ending in the postenor and 
medial part of this nucleus are derived mainly 
from the dentate nucleus of the contralateral 
half of the cerebellum (via the dentatothalamic 
and the dentatorubrothalamic tracts) Its ef- 
ferent fibers pass to area 4, and in much 
smaller numbers to area 6 of the precentral 
motor cortex Thus, a pathway is established 
through which voluntary movements can be 
brought under the influence of the basal gan- 
glia and the cerebellum c) The postenor ven- 
tral nucleus (ventral posterior nucleus) is the 
main subcortical center for sensory impulses 
ascending in the trigeminal, medial and spinal 
lemnisci (proprioceptive from muscles and 
joints, light touch, discrimination of two 
points, pain, heat, and cold) It projects to the 
postcentral gyrus (somesthetic area), areas 1, 3, 
2, 5, and 7 This nucleus also sends fibers to 
the hypothalamus and corpus striatum The 
posterior ventral nucleus is composed of two 
subsidiary parts i) the posteromedial nucleus, 
which receives the trigeminal fibers, and ii) 
the posterolateral nucleus which is the tha- 
lamic station for the medial and spinal lem- 
nisci Within this nucleus there is a definite 
somatotopic organization, the leg is repre- 
sented most laterally, the face most medially, 
and the trunk and upper extremity in between 

2) Dorsal Group This is also called the lat- 
eral nucleus of the thalamus It is subdivided 
into an anterior and a posterior portion, desig- 
nated, respectively, the dorsolateral and pos- 
terolateral nuclei 

C) The Nuclei of the Midline are, as men- 
tioned above, situated in the massa interme- 
dia, and in the adjacent part of the medial 
mass forming the upper part of the wall of the 
3rd ventricle They are phylogenetically the 
oldest of the thalamic nuclei and are a center 
for the most primitive forms of sensation, e g , 
from the viscera and other structures oc- 



9-40 


Section 9 


cupying the axial regions of the bod> The 
midlme nuclei are connected by many fine 
myelinated fibers with other subcortical cen- 
ters, namely, the hypothalamus and midbram 
nuclei The> also receive fibers from the corpus 
striatum These nuclei have many intratha- 
lamic connections but few if any fibers pass to 
the cerebral cortex, corpus of Luys (subtha- 
lamic nucleus), and the forepart of the red nu- 
cleus 

D) The Intralammar Nuclei are scattered 
groups of cells within the internal medullary 
lamina The connections of these nuclei are 
imperfectly known, but they are thought to 
receive both trigeminal fibers and fibers of the 
medial lemniscus, they are believed to belong 
to the reticular activating system They project 
to the globus pallidus and have many connec- 
tions with neighboring thalamic nuclei A well- 
defined nucleus m the middle of the thalamus, 
and usually classed with this group is known 
as the central or centromedian nucleus It is 
especially well marked in primates, and is pos- 
sibly an mtrathalamic integrating center 

E) The Pulvmar is the expanded continua- 
tion posteriorly of the lateral nuclear mass It 
overhangs the superior colliculus It projects to 
the cortex, its inferior part to an area com- 
prising part of the temporal lobe, and the an- 
terior part of the occipital lobe The rest of the 
pulvmar projects mainly to the parietal and 
temporal lobes 

FUNCTIONS OF THE THALMUS 

Known functions of the thalamus can be 
summarized under three headings, listed here 
in order of the amount of information available 
about each one 

1) Sensation The thalamus and meta thal- 
amus contain the highest subcortical stages of 
projection of all sensoiy pathways of the body, 
with the exception of those serving olfaction 
Pathways from the body and head project via 
medial, spinal, and trigeminal lemnisci to the 
posterior ventral nucleus, whereas those from 
the eyes project to the lateral, and those for 
audition to the medial, geniculate body The 
principal pathways to the cortex, m turn, arise 
from these same diencephalic mechanisms A 
fuller account is given in section 8 

2) Arousal Nuclei of the midline and the 
intralaminar nuclei are believed to constitute 
an essential part of the ascending activating 
system or the arousal mechanism, that origi- 


nates m the reticular formation of the teg- 
mentum and projects to cerebral cortex to 
keep it in a waking stage The cortical projec- 
tions of these nuclei, however, are not ob\ lous 
This function is discussed also m connection 
with the phenomenon of sleep, p 9-151 
3) Association or modulation Practically all 
thalamic nuclei receive fibers from certain re- 
lated parts of the cerebral cortex The dis- 
covery of these pathways that run from the 
cortex into the thalamus, in addition to the 
thalamic-cortical projections of the mam sen- 
sory paths, has suggested that the cortex and 
thalamus somehow function together rather 
than independently as separable levels or 
stages in control or sensory systems When 
the word, '"association,” is used to describe 
this function, it does not have a technical 
meaning, but is used to describe what is not 
clearly motor or sensory In spite of the mys- 
terious nature of these interrelations, the path- 
ways are there, and they may be taken as evi- 
dence that there are, mdeed, thalamic-cortical- 
thalamic interactions, or possibly those that 
are corticothalamic-cortical, and that perhaps 
modulate the activity of both the diencephalic 
and telencephalic levels of function This 
possibility IS mentioned again later with refer- 
ence to functions of the cerebral cortex, p 9- 
118 

Hypotha3amus 

The hypothalamus is the anterior or ventral 
part of the diencephalon It is composed of 
neurons and their processes, both myelinated 
and unmyelinated, that he in the walls and 
floor of the 3rd ventricle, and that form the 
infundibulum and pars nervosa of the pituitary 
gland It IS bounded laterally by a plane 
marking the medial tips of the internal cap- 
sule, superiorly its boundary is the so-called 
hypothalamic sulcus in the wall of the 3rd ven- 
tricle Rostrally it ends at the plane joining the 
anterior commissure and optic chiasma, but 
histologically there is no difference between 
the tissue that lies above this boundary and 
belongs to the telencephalon, and that below 
the boundary in the diencephalon Conse- 
quently, the preoptic region of the telenceph- 
alon IS often treated as a part of hypothalamic 
mechanisms In a similar fashion the caudal 
boundary of the hypothalamus is not sharply 
demarcated, it passes gradually into the teg- 
mentum of the mesencephalon As noted ear- 
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her, the bulbar faciiitatory mechanism extends 
through this region of transition and into the 
lateral hypothalamus 

levels identified by external 
landmarks 

On the inferior surface of the hypothalamus 
there is a senes of characteristic structures 
that serve as landmarks for identification of 
sections through this part of the brain (Fig 
9 20) as follows 

1) Rostrally is located the optic chiasma, 
the region over it is known as the suprachias- 
matic level of the hypothalamus 

2) Behind the chiasma is a prominence 
called the tuber cinereum (“grey swelling”) 
created by the presence of the ventromedial 
nuclei near the base of the hypothalamus 
Between them arises the pituitary stalk (infun- 
dibulum) containing fibers joining nuclei of the 
hypothalamus and the posterior lobe (pars 
nervosa) of the pituitary gland The inferior 
surface of the stalk where it joins the hypothal- 
amus proper, and where the vestigial cavity of 
the stalk opens into the 3rd ventricle, is known 
as the median eminence, it lies in the floor of 
the 3rd ventricle This part of the hypothal- 
amus is known as the tuberal level 

3) Behind the tuber on each side there is a 
prominent collection of nuclei known as the 
mammillary bodies because of their external 
form Above them the portion of the hypothal- 
amus that IS continuous through all of its 
levels undergoes its unmarked transition to 
become the mesencephalic tegmentum At this 
level the hypothalamus, proper, lies dorsad to 
the mammillary bodies much as the mesen- 
cephalic tegmentum lies above the bases ped- 
unculorum 

MICROSCOPIC ANATOMY 

The hypothalamus also can be divided longi- 
tudinally into a medial portion containing 
neurons and unmyelinated fibers, continuous 
caudally with the central grey substance of the 
mesencephalon, and a lateral portion con- 
taining cells and both myelinated and unmye- 
linated fibers, continuous caudally with the 
reticular substance of the brainstem Rostrally 
the lateral region passes without obvious 
change into a subcortical reticular substance of 
the orbital portion of the frontal lobes 

Two of the principal relations of the hypo- 
thalamus are with the pituitary gland (Fig 
9 35) First, unmyelinated fibers from the su- 



Fig 9 35 Drawing to show neural connections between 
hypothalamus and pars neuralis with vascular link between 
ventral hypothalamus and pars distalis the hypophysial 
portal system 

praoptic and paraventricular nuclei, as well as 
from other neurons, are gathered through the 
median eminence into the infundibulum and 
thence run to terminations in the posterior 
lobe (Some end m median eminence and the 
stalk ) These are neurosecretory fibers, re- 
leasing antidiuretic and oxytocic hormones 
into the blood perfusing the posterior lobe 
(sect 7, chap 3) Second, other neurosecretory 
fibers not specifically identified as yet end in 
the ventral portions of the hypothalamus in- 
cluding the median eminence, where hormones 
known as “releasing factors” are secreted into 
capillaries perfusing this portion of the brain 
The blood from these capillaries is gathered 
into a second set of vessels, the hypophysial 
portal system, that runs along the stalk to the 
anterior lobe (pars distahs) of the gland The 
presence of these releasing factors in the blood 
perfusing the pars distahs controls the secre- 
tory functions of this important endocrine 
organ (sec 7, chap 2) 

Nuclei. Cells of the preoptic region are 
sometimes called the preoptic nucleus, they he 
m the region of junction of telencephalon and 
diencephalon, and their level of origin is un- 
certain More caudally are found the large, 
deeply staining cells of the paraventricular and 
supraoptic nuclei The supraoptic nucleus is a 
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column of ceils that lies over the lateral part of 
the chiasm and then extends back over the 
hypothalamic portion of the optic tract The 
paraventricular nucleus has the shape of a disc 
lying m the 'wall of the 3rd ventricle These 
nuclei are conspicuous in any stained cross- 
section through the rostral hypothalamus 
They have a rich blood supply, and they send 
their processes into the neural lobe by way of 
the median eminence and stalk, as just de- 
scribed In the tuberal region of the hypothal- 
amus are two identified cell groups, the dorso- 
medial nucleus and the ventromedial nucleus 
Connections and function of both are obscure, 
it IS known, however, that lesions in or inferior 
lateral to the ventromedial nuclei lead to hy- 
perphagia and obesity In the caudal portion of 
the hypothalamus above the mammillary nu- 
clei is the posterior nucleus on each side, its 
connections are uncertain The mammillary 
nuclei are of unknown function, in spite of the 
fact that they can be observed so easily and 
their connections are relatively well known 
(see next paragraph) 

Fiber Connections. The hypothalamus re- 
ceives fibers from the globus pallidus (pallido- 
hypothalamic tract), from the amygdaloid nu- 
cleus, and through the medial forebrain bun- 
dle, from the olfactory lobe and the parolfac- 
tory area The medial forebrain bundle sweeps 
through the hypothalamus and in its course 
gives off fibers to several of the hypothalamic 
nuclei The hypothalamus, especially the su- 
praoptic and paraventricular nuclei, also re- 
ceives fibers from prefrontal areas and the pre- 
central motor area (6) of the cerebral cortex 
(chap 6) both directly and indirectly through 
the thalamus There are probably afferent fi- 
bers from the spinal cord, doubtless similar to 
the direct and collateral ascending afferents 
which go to the bulbar part of the reticular 
formation It also projects through the anterior 
and the dorsomediai nuclei of the thalamus to 
prefrontal areas The most prominent tract 
from the hypothalamus to the thalamus is the 
mammillo-thalamic tract (of Vicq d’Azyr) 
from the medial mammillary nucleus to the 
anterior nuclei of the thalamus Other efferent 
tracts pass backwards m close relation to the 
ependyma of the 3rd ventricle, and descend m 
the gray substance of the midbrain (sur- 
rounding the cerebral aqueduct), pons, me- 
dnUa (beneath the floor of the 4th ventricle), 
and spinal cord 


The various hypothalamic nuclei are m 
communication with one another through fiber 
tracts, the best knowm of these is the paraven- 
tricular-supraoptic tract, but others undoubt- 
edly exist 


General Structure and Divisions 

The cerebellum (“small brain ’) is the dorsal 
portion of the metencephalon, and lies m the 
posterior fossa of the cranium superior to the 
tegmentum of the mesencephalon, metence- 
phalon, and medulla oblongata It is connected 
with the brainstem by the superior, middle, 
and inferior peduncles (Fig 9 36) at these 
same three levels, respectively, although the 
fact that the three peduncles seem to be gath- 
ered as a stalk gives the impression that its 
connections are mainly with the metence- 
phalon lateral to and above the pontile teg- 
mentum The cerebellar surface has a charac- 
teristic patterning, being divided by parallel 
and curved furrows into numerous laminae or 
folia (“leaves”) Within each folium the ar- 
rangement of neurons of the cerebellar cortex 
is a significant feature of cerebellar organiza- 
tion, and will be described m some detail later 
The total area of the cerebellar cortex as it is 
folded in and out to form the folia is said to be 
about 100,000 mm a figure that is less than 
half the area of the cerebral cortex 

When it IS examined externally the cere- 
bellum seems to have subdivisions, which have 
been given anatomical names (Fig 9 37) The 
physiological significance of many of these di- 
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Fig 9 37 Subdivisions of the cerebellar cortex represented on an outline drawing From Trues and 

Carpenter 1969 


ins IS not clear, however, and only a few of 
1 need to be remembered as landmarks 
narrow, central part of the cortex is called 
vermis (“worm”), and the two larger lat- 
masses are the right and left cerebellar 
ispheres On the upper surface the demar- 
on between vermis and hemispheres is 
it Inferiorly it is more conspicuous, and 
vermis forms the roof of a depression 
vn as the vallecula that fits over the me- 
a oblongata Also inferiorly is found an 
gated, somewhat lobulated structure on 
i side called the flocculus (“tuft”) that is 
Tnuous with the most caudal or inferior 
of the vermis, the nodule Together they 
1 the flocculonodular lobe, known as the 
Licerebellum and believed to be the most 
ent part of the cerebellum from a phyloge- 
c point of view Its principal functional 
tionships are with the vestibular nuclei of 
brainstem 

he posterolateral fissure separates this lobe 
a the rest of the cerebellum, the corpus 
*belli, lying anterior and superior to the fis- 
‘ This fissure is one of a series of land- 
ks that run from side to side, from hemi- 
ere across vermis to the other hemisphere, 
that consequently divide the cerebellum 
I regions that are either rostral, intermedi- 
or caudal in their location This type of 
division is believed to be more significant 


than gross anatomical divisions, both phyloge- 
netically, embryologically, and from the view- 
point of comparative physiology (Fig 9 37) 
The most important fissure (aside from the 
posterolateral fissure) is the fissura prima of 
Elliot-Smith that divides the corpus cerebelli 
into a small anterior and a larger posterior 
lobe 

Anterior Lobe This portion, known as the 
paleocerebellum, consists of the lingula and 
two other subdivisions of the vermis, and the 
adjacent folia of the rostral part of each hemi- 
sphere 

Posterior Lobe This name is given to all of 
the rest of the cerebellar hemispheres, in- 
cluding five parts of the vermis, the major por- 
tions of the hemispheres themselves (the ansi- 
form lobes), the parafloc cuius, and the para- 
median lobule or tonsil, a small compact mass 
of cortex lying on either side of the inferior 
vermis The ansiform lobule reaches its 
greatest development in the human brain Its 
function is believed to be concerned with tonus 
adjustments and the muscular coordination 
required for skilled movement 

In higher animals the posterior lobe is fur- 
ther subdivided by a fissure known as the 
sulcus or fissura prepyramidalis This is some- 
times used as a landmark for distinction be- 
tween the middle lobe of Ingvar lying between 
the fissura prima and the sulcus prepyrami- 
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dalis, and a truly posterior lobe behind this 
sulcus and ahead of the posterolateral fissure 
Classified m this fashion the order of principal 
lobes and fissures from front to back is as fol- 
lows 

Anterior lobe (lingula, etc ) 

Fissura pnma 
Middle lobe of Ingvar 
Sulcus prepymmidalis 
Posterior lobe (pyramis, uvula) 

Fissura posterolateralis 
Flocculo-nodular lobe 

The middle and posterior lobes, especially 
the ansiform lobes, belong to the neocerebel- 
lum, found only m higher animals In phyloge- 
netic development they appear at about the 
same time as the cerebral cortex, the cortico- 
spinal and corticopontile tracts, and the pons 
The neocerebellum, cerebral cortex and pons 
are absent or rudimentary in forms below 
mammals 

Neurons of th© Cerefeeilism 

When sectioned in the sagittal plane each 
hemisphere of the cerebellum presents a 
branching core of white matter which from its 
foliage-like appearance, has been named the 
arbor vitae The terminal branches of the 
white matter are covered with a coating of 
gray substance which constitutes the cerebellar 
cortex The leaflike structures so formed are 
spoken of as folia, and are responsible for the 
laminated appearance of the cerebellar surface 
(Fig 9 36) Unlike the cortex of the cerebrum 
all areas of the cerebellar cortex show a uni- 
form histologic structure 

CEREBELLAR CORTEX 

The cells that he m the cerebellar cortex 
have a pattern similar to the pattern of wall 
paper in that it is repeated and repeated 
throughout all of the folia (Fig 9 38) The units 
of each pattern mclude two types of fibers en- 
tering the grey matter, five types of neurons m 
the cortex, the glial cells, and the axons of the 
one cell (the Purkinje cell) that leave the 
cortex en route to cerebellar nuclei and brain- 
stem This arrangement of elements was de- 
scribed by the great Spanish neuroanatomist, 
Ramon y Cajal, (1888) who studied sections 
stamed with silver nitrate and examined under 
a conventional light microscope That more 
recent mvestigations using electron micros- 


copy have not essentially altered the picture 
he described is a tribute to CajaFs skill and 
patience m preparing and examining sections 

Three layers of the cortex have their charac- 
teristic appearance because they contain dif- 
ferent proportions of cells and fibers, as fol- 
lows 

1) The molecular or plexiform layer (under a 
microscope it seems to have a very fine struc- 
ture) is outermost It consists of unmyelinated 
fibers that enter the cerebellum from the infe- 
rior olive (the climbing fibers), axons from 
granule cells of the third layer, and dendrites 
of cells including the Purkmje cells (second 
layer) and Golgi type II cells (third layer) In 
the superficial part of the molecular layer 
where axons of granule cells are the most 
numerous there are only a few neurons, the 
small, star-shaped superficial stellate cells 
Deeper in this layer the stellate ceils are 
larger, and they possess axons that run for 
some distance through this layer but across the 
folium at right angles to its long axis By 
means of collaterals they arborize around the 
bodies of a number of Purkinje cells located m 
a single plane of the folium (see Fig 9 38) 
Because of the appearance of these terminals, 
these stellate cells are known as basket cells 

2) The intermediate layer of Purkinje cells 
The large, flask-shaped bodies of these cells, 
which are peculiar to the cerebellum, form a 
layer between the molecular and granular 
layers Terminals of the basket cells surround 
their cell bodies Their denrites pass outwards 
through the entire thickness of the molecular 
layer where they arborize luxuriantly, but only 
in two dimensions, like a fan m a single geo- 
metrical plane This plane is at right angles to 
the long axis of the folium The afferent 
climbing fibers make connections on these 
dendrites, and many of the axons of the 
granule cells of the innermost layer also end 
there The axons of the Purkinje ceils enter the 
white substance, and end by synapsmg with 
cells m the cerebellar nuclei and brainstem 

The Purkinje cells have been referred to as 
the “final common pathway” of the cerebellar 
cortex, because it is through them that the cer- 
ebellum exerts its influence upon the central 
nuclei of the cerebellum, as well as upon other 
parts of the central nervous system As noted 
later, the Purkinje cells seem to be exclusively 
inhibitory m their action upon other neurons 

3) The granular layer contains numerous 
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Cerebellar cortex drawn in three dimensions to show geometry of location of Purkinje cells Golgi 
basket and stellate cells with terminals of climbing and mossy fibers 


rve fibers, and the two remaining types of 
[irons One is the granule cell, small, round, 
sely packed, and possessing four or five 
idrites that end in a tuft of branches close 
the cell body and connect with terminals of 
)ssy fibers and with axons of Golgi type II 
Is One long process (axon) extends out into 
i molecular layer where it divides and sends 
iranch in each direction along the length of 
3 folium These branches, therefore, pass 
ough the plane of arborization of the den- 
tes of many Purkinje cells The last type of 
uron is known as the Golgi type II cell be- 
Lise it has no long axon These are large cells 
ated in a plane just inside that of the Pur- 
ije cells They have dendrites that branch 
tensively in all planes of the molecular layer, 
d send their axons to branch repeatedly and 
d upon dendrites of the granule cells 
The three types of fibers most essential to 
understanding of cerebellar fimction are the 
lowing 


1) Mossy fibers are coarse, myelinated fibers 
that have a characteristic appearance as they 
terminate in the region of the terminals of 
granule and Golgi II cells in the granular layer 
of the cortex They are known to enter the cer- 
ebellum from the spinocerebellar systems, and 
are believed to come also from the pontocere- 
bellar, vestibulocerebellar, reticulocerebellar, 
and other systems from the brainstem to cere- 
bellar cortex (Eccles, et al , 1967) 

2) Climbing fibers are also myelinated, but 
smaller, and have the unusual, ivy -like associa- 
tion with Purkinje dendrites already described 
They are believed to come largely if not exclu- 
sively from the olivary nuclei (Eccles, et al , 
1967) These two types of fibers constitute the 
only known input to the cerebellum 

3) Axons of the Purkinje cells are the sole 
output from the cerebellar cortex, they are 
small, myelinated fibers that run to the nuclei 
of the cerebellum, and to Deiter’s nucleus of 
the vestibular complex These fibers, how- 



Sect/on 9 


9-46 ^ c 5 ^ ^ ^ i ^ 

ever, because most of them end within the cer- 
ebellum on its subcortical nuclei, are only a 
small fraction of the efferent output of the cer- 
ebellum as a whole Most of this output is ear- 
ned by myelinated fibers originating m the 
central nuclei and carried to the brainstem 
and thalamus by superior and inferior pedun- 
cles 

THE CEREBELLAR NUCLEI 

The cerebellum contains on either side four 
separate gray masses (Fig 9 39) These are a) 
nucleus fastigii (nucleus of the roof), b) nucleus 
globosus, c) nucleus emboliformis, and d) nu- 
cleus dentatus (The nuclei globosus and em- 
boliformis of primates are comparable to the 
nucleus mterpositus of lower mammals ) The 
first three of these are phylogenetically older 
than the nucleus dentatus, which is found only 
m mammals The fastigial nuclei, which are 
the most ancient of all, lie near the midline on 
either side in the roof of the 4th ventricle 
They receive fibers from the paleocerebellum 
(anterior lobe, pyramid, uvula, and flocculono- 
dular lobe), and from the vestibular nuclei and 
eighth nerve through the inferior peduncle, 
they also project to the vestibular nuclei The 
globose and emboliform nuclei, which are 
placed more laterally than the roof nuclei, re- 
ceive fibers chiefly from the anterior lobe The 
globose nucleus also receives fibers from the 
flocculonodular lobe Both nuclei project 
through the superior peduncles to the large- 
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Fig 9 39 Diagram of a horizontal section through 
the cerebellum to show relation of cortex and subcortical 
nuclei, with superior peduncle and its decussation in the 
mesmcephalon. 


celled portion of the red nucleus The more 
lately acquired dentate nucleus, which is 
placed most laterally, is a large, crenated mass 
of gray matter, bent acutely upon itself It re- 
ceives fibers from the Purkmje cells of the 
neocerebellum It projects through the superior 
cerebellar peduncle to the small-ceiled portion 
of the red nucleus (and to some extent also to 
the large-celled part), and to the ventrolateral 
group of the thalamic nuclei (Fig 9 39) 

of the Cembe2ain:;i 

The white matter of the hemispheres is 
composed of a) projection fibers, i e , fibers 
which leave or enter the cerebellum via the 
peduncles, b) association fibers, which connect 
different regions of the same hemisphere, and 

c) commissural fibers connecting cortical areas 
of the two hemispheres 

The flocculonodular lobe, mainly the nodule, 
is connected by both afferent and efferent fi- 
bers (some of which are relayed in the fastigial 
and globose nuclei) with the vestibular nuclei 
and the vestibular nerve The anterior lobes 
and the ansiform lobules receive spinocere- 
bellar and pontocerebellar fibers, respectively, 
and project to brainstem and thalamic nuclei 
The fibers, afferent and efferent, connecting 
the cerebellum with other portions of the 
nervous system are all earned in three large 
bundles, the cerebellar penduncles, having the 
following constitution 

A) Inferior Peduncles (Restiform Bodies) they 
are predominantly afferent 

1) Afferent Fibers 

a) Dorsal (posterior) spinocerebellar 
tract (the direct cerebellar tract) 

b) Dorsal external arcuate fibers 

c) Ventral external arcuate fibers 

d) Vestibulocerebellar fibers 

e) Olivocerebellar tract, the fibers of 
which end in all parts of the cere- 
bellar cortex as climbing fibers upon 
dendntes of Purkmje cells 

f) Fibers from the fifth cranial nerve, 
and possibly from the ninth and 
tenth, to pyramid, uvula and parafloc- 
culus 

2) Efferent Fibers 

a) Fastigiobulbar (or cerebellovestibular) 
tract 

h) Cerebello-olivary tract to inferior ol- 
ives of both sides 
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They also have an excitatory action on the 
basket cells and the dendrites of the Golgi 
type II cells According to these authors this is 
a complete account of excitatory effects within 
the cortex, they involve three kinds of axons, 
climbing fibers, mossy fibers, and granule cell 
fibers All other actions are of an inhibitory 
nature 

The inhibitions they have identified include 
the following 

1) Purkinje cells are mhibitoiy upon cells of 
subcortical cerebellar nuclei and upon Deiter’s 
nucleus, 

2) Basket ceils are inhibitory upon Purkinje 
cells, 

3) Golgi type II neurons are inhibitory upon 
the mossy fiber-granule cell synapse 

These observations suggest that the overall 
influence of the cerebellar cortex upon subcor- 
tical nuclei IS one of inhibition, but that this 
inhibition is graded by the neuronal actions 
that simultaneously excite and inhibit the dis- 
charge of Purkinje cells 

In addition to this complex interrelation of 
excitation and inhibition, another interesting 
feature of cerebellar cortical activity is the 
geometric pattern it assumes, in which the ori- 
entation of the plane of arborization of Pur- 
kinie cells in the folium is like slices of bread 
in a long loaf The distribution of axons of 
basket cells is m similar planes across the long 
axis of the folium The distribution of parallel 
fibers from granule cells, however, is along the 
length of the folium and therefore across the 
planes of Purkinje cells and basket cell axons 
The dendrites of the Golgi type II cells branch 
out m all planes of the molecular layer 

EXPERIMENTAL STUDY OF THE 
CEREBELLUM 

The cerebellum seems to be relatively 
simple because a) the pattern of cortical orga- 
nization is straightforward and repeated 
throughout the folia, b) the cortex receives 
only the input of mossy and climbing fibers, c) 
there are only five types of neurons in the 
cortex, and d) the cortex and subcortical nu- 
clei have a constant relationship by way of 
axons of Purkinje cells Nevertheless, the mul- 
titude of connections between cerebellum and 
the spinal cord, the tegmentum of the brain- 
stem, olivary complex, vestibular nuclei, red 
nucleus, thalamus, and cerebral cortex has 
made analysis of its functions exceedingly dif- 


ficult In the first place, there is no lack of in- 
formation about these possible extrinsic 
connections, the course of almost innumerable 
fibers has been described with great care, with 
the result that on this basis alone it is impos- 
sible to conceive of any simple pattern of cere- 
bellar control of motor activity Second, there 
is no lack of observations as to the deficiencies 
that follow cerebellar injury in both human 
patients and laboratory animals Third, unlike 
other portions of the brain, stimulation of the 
cerebellar cortex in anesthetized animals does 
not induce motor responses that lend them- 
selves to easy interpretations In spite of these 
problems, however, one should try to under- 
stand the nature of the principal cerebellar 
functional relations, the general character of 
deficits that follow ablation or injury, and pos- 
sible explanations for the results of stimulation 
experiments This information is summarized 
in chapter 5 beginning on p 9-98 

SUBCORTICAL MECHANISMS OF 
THE TELENCEPHALON 

The Basal Ganglia 

The basal ganglia form a large and promi- 
nent part of the human brain, and are a very 
important part of the nervous mechanisms 
controlling muscular activity (Fig 9 41) De- 
structive lesions m the human basal ganglia 
are associated with several well known, com- 
mon, severe motor disorders which are fairly 
constant in their clinical pattern Yet, our 
knowledge of the nervous connections and of 
the functional activity of the human basal 
ganglia is grossly deficient They have grown 
proportionately from the lower primates to 



Fig 9 41 Horizontal section through right cerebral 
hemisphere showing relationships of thalamus internal 
capsule and basal ganglia including caudate nucleus, 
lentiform nucleus and claustrum Localization of fibers 
in internal capsule is also shown 
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man, so that whereas the globus pallidus, pu- 
tamen and caudate nucleus occupy 980 cu 
mm in the rhesus monkey, they measure 2775 
mm ^ m the chimpanzee and have a volume of 
14,912 mm ^ m man (Harman and Carpenter, 
1950) 

NUCLEAR GROUPS 

In this discussion the term '‘basal ganglia” 
will be used to include the caudate nucleus, 
the putamen, and the globus pallidus of the 
telencephalon, the subthalamic body of Lays 
of the diencephalon, and the red nucleus and 
the substantia nigra of the mesencephalon 
(The caudate nucleus and putamen are often 
referred to as the striatum and the globus 
pallidus as the pallidum The putamen and 
globus pallidus are sometimes referred to as 
the lenticular or lentiform nucleus ) The claus- 
trum should also be included in the basal 
ganglia but as practically nothing is known of 
its connections or functions it need not be 
considered further It might be argued that the 
subthalamic body, the red nucleus, and the 
substantia nigra should not be included, but 
their anatomical relationships, their numerous 
connections, and their apparent close func- 
tional relationships with the other nuclei of the 
basal ganglia make their inclusion natural and 
reasonable The amygdala is another subcorti- 
cal collection of neurons that might be in- 
cluded But it has no known connections with 
the functions of the skeletal muscular system 
and seems more likely to be related to vegeta- 
tive activities 

The cytology of the various nuclei under dis- 
cussion offers little assistance in under- 
standing their functional activity For the 
most part the nuclei seem to be divided into 
two groups — the small-celled and the large- 
celled parts As is true of the cerebral cortex 
the small-celled parts appear to be the recep- 
tive divisions of the basal ganglia, whereas the 
large-celled parts have a predominantly motor 
function The caudate nucleus and the pu- 
tamen constitute the receptive portion and are 
said to receive their afferent innervation from 
the precentral motor cortex (areas 4, 4s, and 6), 
the suppressor strips of Dusser de Barenne 
and his co-workers (areas 4s, 8, 2, and 24), 
(Fig. 9.42) and in a small way from the thal- 
amus. In turn the caudate nucleus and pu- 
tamen send their efferent fibers mainly to the 
large-celled or “motor” portion of the lentic- 


ular nucleus, the globus pallidus (Fig 9 42), 
with a much smaller group of efferent fibers 
going to the substantia nigra Similarly the 
substantia nigra is divided into a large-celled 
(pigmented) dorsal portion and a small-celled 
(unpigmented) ventral portion which lies just 
above the cerebral peduncle The red nucleus, 
too, is divided into a small-celled anterior por- 
tion and a large-celled posterior portion which 
gives rise to the rubrospinal tract 

As noted above (p 9-29), in the dog and cat 
the magnocellular portion of the red nucleus 
and the rubrospinal tract are large and pre- 
sumably important structures, whereas in the 
primates this portion of the red nucleus and 
the rubrospinal tract which arises from it are 
small and apparently insignificant (Stem, 
1936, Massion, 1967) The parvocellular or 
mam portion of the nucleus in man has a 
variety of connections, most of them related to 
the dentatorubrothalamic pathways that 
send fibers through and around the red nu- 
cleus on their way from cerebellar nuclei to the 
lateral ventral nuclei of the thalamus 

CONNECTIONS 

Within the basal ganglia almost all parts are 
connected with all other parts (Fig 9 42), i e , 
the globus pallidus sends fibers to the red nu- 
cleus, and substantia nigra and the subthal- 
amic nucleus, the substantia nigra sends fibers 
to the red nucleus, the globus pallidus and the 
subthalamic nucleus, the subthalamic nucleus 
sends fibers to the globus pallidus, red nucleus 
and the substantia nigra Within the basal 
ganglia there are also recurrent systems, such 



Fig 9 42 Outline of pathways by which basal gan- 
glia are interconnected and related to motor mechanisms 
of cerebral cortex and brainstem and spinal cord 
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as the projection from the caudate nucleus to 
the globus pallidus, the globus pallidus to the 
ventral anterior nucleus of the thalamus, and 
from this thalamic nucleus back to the caudate 
nucleus (Fig 9 42) Two parts of the basal gan- 
glia, however, remain more or less aloof from 
this intranuclear activity They are the cau- 
date nucleus and putamen, and the red nu- 
cleus The caudate nucleus and putamen on 
the one hand receive their afferent innervation 
largely from the cerebral cortex (with addi- 
tional afferent connections from the substantia 
nigra and from the ventral anterior nucleus of 
the thalamus), and they distribute their effer- 
ents to the globus pallidus and the substantia 
nigra The red nucleus receives from all of the 
other nuclei of the basal ganglia (and from the 
precentral motor cortex and the cerebellum) 
but sends all of its efferent fibers to structures 
outside of the basal ganglia, to the spinal cord, 
the reticular substance of the brainstem, the 
ventrolateral nucleus of the thalamus, the infe- 
rior olive and the oculomotor nuclei (Fig 9 43) 
Thus, the caudate nucleus and the putamen 
appear to be acting as the primary receiving 
station of the basal ganglia, whereas the red 
nucleus and the globus pallidus are acting as 
the principal sending stations In addition to 
their efferent fibers there are fibers from the 
substantia nigra and the subthalamic nucleus 
to the substantia reticularis and the center- 
median nucleus of the thalamus 

Internal Capsule 

If one considers the very large number of 
cells in the cerebral cortex capable of acting 
upon motor mechanisms of brainstem and 
spinal cord, together with projections to basal 
ganglia, thalamus, pons, and cerebellum, it 
becomes obvious that pathways for transmis- 
sion of these influences must be plentiful 
They leave the cortex via the central white 
substance of the hemispheres, the region that 
contains also the fibers ascending to the cor- 
tex, and fibers running to and from the corpus 
callosum As the corticofungal fibers descend 
toward the level of the mesencephalon, they 
run past the basal ganglia of the telencepha- 
lon, and also skirt the lateral and ventral sides 
of the thalamic collections of neurons From 
the level of the central white substance all the 
way down to the spinal cord these cortico- 
spinal pathways remain separate from the 
parts of the brain through which they are pass- 
ing, except for collaterals given off in transit 



Fig 9 43 Connections of the red nucleus Abbre- 
viations refer to principal basal ganglia R F denotes fi- 
bers to reticular formation 

In its longitudinal organization the central 
nervous system contains two parallel systems 
One is what appears to be the modulating 
system that functions as a control for the other 
system, and that includes the reticular sub- 
stance of tegmentum and hypothalamus, the 
thalamic nuclei of midline and intralaminar 
location, the basal ganglia, and the cerebral- 
pontile -cerebellar-thalamic complex The other 
includes the long ascending and descending 
systems, with ascending relays in dorsal grey 
columns of spinal cord, in the brainstem, and 
in the thalamus, and with descending relays 
that always seem to be diversions from the 
main tracts into nuclei or neuronal groups 
encountered along the way The internal cap- 
sule IS the broad highway in both directions 
between the cerebral cortex and subcortical 
and spinal centers In a horizontal section of 
the cerebrum it is seen as a compact band of 
white matter lying between the thalamus and 
caudate nucleus on its inner aspect and the 
lenticular nucleus on its lateral aspect (cf Fig 
9 41) In addition to the corticospinal and cor- 
ticobulbar tracts the following are the prm- 
cipal tracts which compose it 

i) Descending 

a) Corticopontine tracts consisting of 
three bundles of fibers, frontopontine, 
parietopontme, and occipitopontine 
from the corresponding areas of the 
cerebral cortex to the nuclei of the 
pons 
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b) Corticoruhral tract, from the frontal 
lobe to the red nucleus 

c) Corticothalamic from almost all areas 
of the cortex to various nuclei of the 
thalamus 

d) Corticostriatal fibers from the precen- 
tral area of the cortex to the caudate 
nucleus and the globus pallidus 

e) Occipitotectal fibers from the para- 
and penstnate cortex to the tectum of 
the midbrain 

f) Corticomgral fibers from the precentral 
and temporal areas to the substantia 
nigra 

II) Ascending 

a) Thalamic radiations consist of four 
bundles ascending from the thalamus, 
anterior, superior, posterior, and in- 
ferior, which connect the thalamus with 
various parts of the cerebral cortex 
The anterior group terminate m pre- 
frontal areas, and the superior group 
in the somesthetic area (postcentral 
gyrus) 

b) Auditory radiation fibers ascending 
from the medial geniculate body to the 
temporal cortex (gemculotemporal 
fibers) 

c) Optic radiation fibers ascending from 
the lateral geniculate body to the visual 
area in the occipital cortex (geniculo- 
calcarine) fibers 

d) Rubrocortical fibers from the red nu- 
cleus to the cortex 

The internal capsule is bent m the horizontal 
plane to conform a convexity directed medially 
The region of the angle so produced is called 
the knee (genu), the portions in front and be- 


hind this are known, respectively, as the an- 
terior and posterior limbs The shorter anterior 
limb lies between the caudate nucleus and the 
lenticular nucleus, the posterior limb between 
the lenticular nucleus and the thalamus The 
extension backwards of the posterior limb is 
known as the retrolenticukr part 

The anterior limb is occupied by the fronto- 
pontine fibers and the anterior thalamic radia- 
tion (thalamofrontal fibers), the frontothalamic 
tract, corticostriatal and corticoruhral tracts 
In the anterior three-fifths of the posterior 
limb are transmitted the corticobulbar and 
corticospinal fibers The fibers of these two 
tracts are organized in accordance with the 
portions of the body which they innervate, 
those carrying impulses for the eye muscles, 
the muscles of the tongue, and face and upper 
and lower extremities arranged in this order 
from before backwards, and those transmitting 
impulses destined for the proximal part of an 
extremity are placed in front of those for the 
more distal muscles The remaining part of the 
posterior limb, and the retrolenticular part 
carry m anteropostenor order the superior and 
posterior thalamic radiations, the auditory 
(gemculotemporal), and the inferior thalamic 
radiations, corticothalamic, and parietopontine 
fibers, and the optic (gemculo-occipital) radia- 
tions 

The internal capsule is supplied with blood 
through the lateral striate branches of the 
middle cerebral artery, by the recurrent artery 
of Hubner from the anterior cerebral artery, 
and the anterior choriodal artery from the in- 
ternal carotid arteiy The internal capsule is 
frequently a site of injury to the nervous 
system through hemorrhage from one of the 
striate branches Both sensory and motor defi- 
cits may result 
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Before a description of the mechanisms con- 
trolling skeletal muscle is attempted, it will be 
instructive to consider the control of smooth 
muscle and exocrine glands, for two reasons 
First, these latter controls are less complex 
than the other, second, an explanation of the 
organization of the autonomic system and how 
it functions will include topics such as chem- 
ical transmission of nerve impulses that are 
relevant to all neural controls The characteris- 
tics of the autonomic system that seem to 
make it unique can be shown to be merely over- 
stated displays of how neural systems are 
put together The one really unique feature of 
such systems turns out to be the fact that 
smooth muscle can, but skeletal muscle cannot 
be inhibited by a mechanism acting directly 
upon it 

Terminology and Organization 

Smooth muscle and glands are controlled by 
systems that have both afferent and efferent 
components, although in the history of studies 
on these systems the efferent components have 
been given more attention than the afferent 
To understand the literature on these controls, 
it is necessary first of all to grasp the distinc- 
tions between terms used to designate parts of 
the system The most comprehensive of these 
terms is the autonomic nervous system, a 
name utilized some seventy years ago by the 
Cambridge physiologist, J N Langley (1903, 
1921) A few years later his colleague, W H 
Gaskell (1916), employed the term involuntary 
nervous system as a synonym Both of them 
wrote primarily of the motor components (Fig 
9 44) In the most recent literature, on the 
other hand, both the words autonomic and also 
visceral are employed to include both sensory 
and motor innervations of visceral structures, 
specifically, of smooth muscle and glands 

In the years that followed the work of Gas- 
kell and Langley, additional names were given 
to the principal subdivisions of the motor side 
of the visceral system From this much of the 
confusion of terminology arose, because the 


ancient anatomical name, sympathetic, was 
redefined and used with parasympathetic to 
denote two supposedly opposed portions of the 
system These terms were popularized espe- 
cially in the United States by publications 
from the laboratory of Walter Bradford 
Cannon of Harvard (1929, 1932), and thence 
came into general use without precise defini- 
tion In response to this lack of precision, two 
more specific classifications were developed, 
one anatomical in which the two subdivisions 
are craniosacral, and thoracolumbar, named 
for the site of origin of efferent fibers The 
other classification was originally pharmaco- 
logical, with adrenergic and cholinergic uti- 
lized to identify fibers with reference to their 
chemical transmitter Unhappily, these three 
sets of terms cannot be used interchangeably, 
although they have superficial characteristics 
that suggest that they might be The term, 
sympathetic, has come to have a philosophical, 
almost mystic meaning It is to a degree syn- 
onymous with the thoracolumbar division, and 
many of its terminals are adrenergic But it 
contains also certain important cholinergic 
terminations The craniosacral division is the 
same as the parasympathetic portion, and all 
of its fibers are cholinergic These usages are 
summarized as follows 

Terminology Divisions 

Anatomical Craniosacral Thoracolumbar 
Physiological Parasympathetic Sympathetic 
Pharmacological Cholinergic Cholinergic and 

Adrenergic 

Autonomic control systems are constituted 
from detector (afferent) neurons, connector or 
mterneurons, and efferent or effector neurons 
in the fashion outlined in chapter 1. There are 
two curiosities, however, about the location of 
these neurons Whereas mterneurons in gen- 
eral are located exclusively in spinal cord or 
brain, the last mtemeuron of the autonomic 
motor system sends its process through the 
ventral roots or via a cranial nerve to termi- 
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nate in one of the ganglia of the autonomic 
system (Fig 9 45) This means that without 
exception the efferent or effector neuron has 
its location in one of these ganglia — either in a 
ganglion of the sympathetic chain (cervical, 
thoracic, lumbar, or sacral), in a so-called “col- 
lateral” ganglion lying near a major blood 
vessel (e g , coeliac, superior mesenteric), or in 
a terminal ganglion lying m, on or near the 
viscus innervated These relations, again, 
sometimes give rise to confusion, inasmuch as 
the connector neuron is known as the pregan- 
glionic neuron, the effector as the postgan- 
glionic neuron, and homology with the somatic 
motor system is thereby obscured 

AFFERENT VISCERAL NERVES 

Impulses are transmitted irom the viscera 
by afferent fibers which pass through the var- 
ious plexuses and reach the central nervous 
system via the vagus, pelvic, splanchnics, and 
other autonomic nerves 



Fig 944 Diagram of connections of autonomic or 
visceromotor system Craniosacral components are m 
black, thoracolumbar connections are in brown Course 
of postganglionic fibers is shown by broken lines (Truex 
and Carpenter 1 969 ) 



Fig 9 45 Diagram showing course of visceral af- 
ferent and efferent fibers in dorsal and ventral roots 
respectively and their distribution through the thoraco- 
lumbar system Copenhaver cited from Truex and Car- 
penter 1969 


The afferent fibers of the thoracolumbar di- 
vision are the peripheral processes of ganglion 
cells in the posterior spinal root ganglia from 
the 1st thoracic to the 3rd lumbar segments 
None arises from sympathetic ganglia They 
reach the sympathetic trunk via the white 
rami communicantes and are distributed to 
the viscera along with the corresponding ef- 
ferent fibers (Fig 9 45) Though some of these 
afferent fibers are nonmedullated, the majority 
are medullated, and of larger size than the ef- 
ferent fibers The ganglion cells of the poste- 
rior roots which give origin to the visceral af- 
ferent fibers have not been shown definitely to 
differ from those giving rise to the ordinary 
somatic sensory fibers. The afferent fibers pass 
to their destinations without interruption in 
any of the sympathetic ganglia, passing di- 
rectly to the viscera m the splanchnics or the 
other visceral nerves A certain proportion also 
enter the spinal nerves for distribution to the 
limbs via the gray rami 

The afferent fibers of the cranial division are 
the peripheral processes of cells m the ganglia 
of nerves VII, IX, and X The central processes 
of these neurons terminate in the nucleus of 
the tractus solitarius The afferent fibers of the 
pelvic nerve arise from cells in the posterior 
root ganglia of the 2nd, 3rd, and 4th sacral 
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nerves They pass peripherally with the ef- 
ferent autonomic fibers 

A certain degree of independent reflex ac- 
tivity has been attributed to the intrinsic 
plexuses, e g , of the intestine, when these are 
separated from the central nervous system by 
division of the mam autonomic nerves It is 
also true that some independent activity can 
be carried out through axon reflexes or pos- 
sibly through some of the more peripherally 
placed ganglion cells Other parts of the auto- 
nomic system, however, cannot function apart 
from the central nervous system The larger 
ganglia of the parasympathetic or sympathetic, 
for instance, do not serve as reflex centers It 
IS clear from the description of the origin and 
course of the visceral afferent nerves given 
above that no anatomical basis for such action 
exists 

Sympattietic Motor Division 

Cells of origin of the sympathetic division 
are situated in the lateral horns of the spinal 
cord (mtermediolateral cell column) from the 
8th cervical or 1st thoracic to the 2nd or 3rd 
lumbar segments The axons of these pregan- 
glionic cells leave the cord by the corre- 
sponding anterior nerve roots and synapse 
with postganglionic nerve cells in one or an- 
other of the outlying ganglia Preganglionic 
fibers are myelinated, postganglionic fibers 
have no myelin sheath 

The ganglion cells are all motor or secretory 
in function, they have no afferent connections 
from the periphery Afferent fibers from the 
various viscera and blood vessels that pass 
through the sympathetic nervous system have 
their ganglion cells m the posterior root gan- 
glia, as described above 

The motor ganglia are arranged m three sys- 
tems or groups A) paravertebral, B) preverte- 
bral (or collateral), and C) terminal (or peri- 
pheral) 

PARAVERTEBRAL GANGLIA AND THE 
GANGLIONATED CORD 

Ganglia of the paravertebral group he in 
close relation to the vertebral bodies On each 
side, there is a series of some 22 ganglia con- 
nected together by intervening fiber tracts to 
form a nodular cord extending from the base of 
the skull to the front of the coccyx This is 
known as the sympathetic chain or the gan- 


glionated cord of the sympathetic nervous 
system All but the lowest tour of these (the 
sacral ganglia) belong to the thoracicolumbar 
division It will be described in sections 

Cervical Part of the Sympathetic Cham 
The cervical part of the sympathetic chain 
possesses three ganglia — the superior, middle, 
and inferior cervical ganglia They are rela- 
tively large and are believed to result from the 
fusion of two or more smaller ganglia 

The Superior Cervical Ganglion, situated 
below the base of the skull, is the largest of the 
three It receives preganglionic fibers from the 
upper thoracic segments of the spinal cord, 
and its cells supply fibers (postganglionic) to 
the vessels, glands, and cutaneous muscle of 
the head It is probably formed by the fusion of 
the uppermost three or four cervical ganglia 

Middle Cervical Ganglion is formed presum- 
ably by the coalescence of the 5th and 6th cer- 
vical ganglia Its branches include fibers to the 
5th and 6th cervical nerves and thence to the 
blood vessels, sweat glands, and cutaneous 
muscle within the area of distribution of these 
nerves, the middle cardiac nerve to cardiac 
plexuses, and branches which extend along the 
inferior thyroid artery to the thyroid and para- 
thyroid glands 

Inferior Cervical Ganglion probably repre- 
sents the union of the 7th and 8th cervical 
ganglia, m the dog and cat, and in most 
human subjects, it is usually fused with the 
first thoracic ganglion, and occasionally with 
the second as well, to form the so-called stel- 
late ganglion It gives off branches to the 7th 
and 8th cervical and the 1st thoracic nerves, 
sometimes also to the 6th cervical and the 2nd 
thoracic, the inferior cardiac nerve to cardiac 
plexuses, and branches which form plexuses 
upon the subclavian artery and its branches 
Sympathetic fibers are thus carried into the 
cranial cavity along the vertebral artery, and 
over the axillary and commencement of the 
brachial 

Thoracic, Lumbar and Sacral Ganglia. 

The thoracic ganglia are 10 or 12 in number on 
each side They are evenly spaced, one to each 
spinal segment As mentioned the first tho- 
racic and inferior cervical ganglia are com- 
monly partially or completely fused to form an 
irregularly shaped mass, called the stellate 
ganglion There are usually 4 lumbar, in addi- 
tion to 4 or 5 sacral ganglia The sacral por- 
tions of the two sympathetic trunks converge 



below and fuse upon the anterior surface of the 
coccyx to form a terminal swelling — the coccy- 
geal ganglion or ganglion impar 

PREVERTEBRAL (OR COLLATERAL) 
GANGLIA 

These he m the thorax, abdomen, and pelvis 
in relation to the aorta and its branches (Fig 
9 46) The larger of the pre vertebral ganglia 
are a) the celiac (solar or semilunar) ganglion, 
lying in relation to the origin of the celiac ar- 
tery, b the superior mesenteric ganglion, situ- 
ated below the origin of the superior mesen- 
teric artery, and c) the inferior mesenteric 
ganglion, which bears a corresponding relation 
to the inferior mesenteric artery, this ganglion 
IS rarely present in man 

TERMINAL GANGLIA 

These consist of small collections of ganglion 
cells situated in close relation to the inner- 
vated organs, especially those of the pelvis, 
e g , the bladder and rectum 

OUTFLOW OF SYMPATHETIC FIBERS 
FROM THE CENTRAL NERVOUS SYSTEM 

It has already been stated that the cells 
giving rise to the thoracicolumbar, pregan- 
glionic fibers are situated m the thoracic and 
upper lumbar segments of the cord This lim- 
ited region (8th C or 1st T to 2nd or 3rd L 
inclusive) constitutes the only outlet for sym- 
pathetic impulses The fibers emerge from the 
spinal cord through the anterior root of the 
spinal segment m which their cell bodies are 
placed In a cross-section of the anterior root 
they appear as fine medullated fibers (2 5ju or 
less in diameter) intermingled with the larger, 
medullated, somatic (motor) fibers They sepa- 
rate almost immediately, however, from the 
somatic motor fibers of the anterior root, and 
enter the corresponding ganglion of the sympa- 
thetic chain Thus, the spinal nerves from the 
8th cervical or 1st thoracic to the 2nd or 3rd 
lumbar, but not others, are connected each to 
a paravertebral ganglion by a delicate white 
strand composed of preganglionic fibers and 
known as the white ramus commumcans 
(plural, rami communicant es) A preganglionic 
fiber after entering the ganglion may pursue 
one of three courses it may a) form synapses 
with cells m the ganglion which it first enters, 
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Fig 9 46 Diagram of nerve plexuses of the abdomen 
and pelvis 


or b) traverse the ganglionated cord without 
interruption to find a cell station in either a 
prevertebral or a terminal ganglion, or c) pass 
up or down the sympathetic trunk for some 
distance to terminate m a ganglion at a level 
higher or lower than the segment from which it 
originated It may give off collateral branches 
to ganglion cells along its course In any event, 
the preganglionic fibers issuing from a given 
segment connect with several ganglia (from 
five to nine) Furthermore, each preganglionic 
fiber may form a large number of synapses 
within a given ganglion Ranson and Billings- 
ley (1918) found that in the case of the supe- 
rior cervical ganglion each fiber communicated 
with some 32 ganglion cells, this accounts for 
the diffuse nature of the sympathetic dis- 
charge 

DISTRIBUTION OF SYMPATHETIC FIBERS 
TO THE PERIPHERY 

Ganglia of the sympathetic chain are con- 
nected with the spinal nerves supplying the 
limbs and trunk by delicate filaments called 
gray rami communicantes They are composed 
of the axons of the ganglion cells in the para- 
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vertebral ganglia, and are therefore called post- 
ganglionic The gray rami in the thoracic and 
upper lumbar regions join the spinal nerves 
close to the points at which the white rami 
arise Their constituent fibers are continued in 
the peripheral nerves for the supply of the 
blood vessels, sweat glands, and smooth 
muscle of the skin Whereas, as already men- 
tioned, only a limited number of spinal nerves 
possess white rami, every spinal nerve receives 
a gray ramus It therefore follows that sympa- 
thetic impulses going to parts supplied by 
upper cervical, lower lumbar or sacral somatic 
nerves, must travel considerable distances up 
or down the sympathetic trunk before reaching 
an outlet through a gray ramus To the limbs 
and trunk the preganglionic fibers to the upper 
limb arise from the 2nd to the 7th thoracic 
spinal segments, most of these fibers are con- 
tained in the white rami of the 2nd and 3rd 
thoracic anterior roots The postganglionic fi- 
bers to the upper limb may arise from the 
upper 1st to 4th thoracic, and the inferior and 
middle cervical ganglia, those for the lower 
limb from the lumbar and sacral ganglia Exci- 
sion of the inferior cervical or the stellate gan- 
glion when present and the upper three or four 
thoracic ganglia provides as complete a post- 
ganglionic sympathectomy as it is possible to 
make of the upper limb, as well as the head 
and neck It also will destroy most of the post- 
ga^nglionic fibers to the heart This operation, 
however, may fail to remove completely the 
sympathetic supply to the arm since there may 
be “intermediate” ganglia which are not re- 
moved in such an operation 

Parasympathetic or Craniosacral 
Motor Division 

The cells giving rise to parasympathetic fi- 
bers are situated at three different levels of the 
central nervous system — the midhrain, the 
medulla oblongata, and the sacral region of the 
spinal cord The axons of these cells leave the 
central nervous system to connect with gan- 
glion cells lying within or in close relation to 
the innervated organ As in the case of the 
sympathetic division the axons of the central 
cells are called preganglionic, those of the gan- 
glion cells, postganglionic The former are 
medullated, the latter nonmedullated The 
three levels from which parasympathetic fibers 
emerge will be referred to as the tectal (or 


midbrain), the bulbar and the sacral outflows, 
respectively 

TECTAL OR MIDBRAIN OUTFLOW 

The group of cells composing the Edmger- 
Westphal nucleus of the oculomotor nerve m 
the mesencephalic part of the intermediate 
motor column give rise to fibers that are con- 
veyed in the third nerve as far as the ciliary 
ganglion where they find their cell stations 
Postganglionic fibers emerge from the ganglion 
m the short ciliary nerves, and terminate in 
the sphincter pupillae and the ciliary muscles 

BULBAR OUTFLOW 

These fibers leave the brain in the facial, 
glossopharyngeal, and vagus nerves 

1) The parasympathetic fibers (secretory 
and vasodilator) entering the facial nerve arise 
from the superior salwatory (salivary) nucleus, 
which lies dorsal and lateral to the lower end 
of the motor nucleus of the facial ^ These fi- 
bers emerge from the brain in the sensory root 
of the facial nerve (nervus intermedius) and 
travel with the latter to the facial canal of the 
temporal bone Here they leave the facial i) 
They may join its chorda tympani branch 
which later joins the lingual to be conveyed to 
the floor of the mouth At this point some of 
the chorda fibers (secretory and vasodilator m 
function) separate from the lingual again to 
enter the sub maxillary (submandibular) gan- 
glion from where they are relayed, the post- 
ganglionic fibers pass to the submaxillary and 
submandibular glands, and the mucous mem- 
brane of the mouth ii) They may run with the 
great superficial petrosal nerve and nerve of 
the pterygoid canal (Vidian nerve) to the sphe- 
nopalatine ganglion From here postganglionic 
fibers pass via orbital branches of the ganglion 
to the lacrymal gland, and to the mucous 
membrane of the soft palate, nasopharynx and 
pharynx via the palatine nerves Vasodilator 
fibers also leave the facial by the great superfi- 
cial petrosal nerve, and entering the cranium 
are conveyed along the middle meningeal ar- 
tery and its branches 

2) The parasympathetic fibers (secretory 
and vasodilator) of the glossopharyngeal nerve 
arise from cells of the inferior salwatory (sali- 


^ This nucleus is actually in the lowest part of the 
pons 
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vary) nucleus This nucleus lies m the upper- 
most part of the medulla oblongata immedi- 
ately below the superior salivatory nucleus, 
and lateral to the motor nucleus of the glosso- 
pharyngeal nerve The autonomic fibers leave 
the brain with the latter nerve but separate 
from it again in its tympanic branch (Jacob- 
son’s nerve) which joins a twig from the genic- 
ulate ganglion (g of facial nerve) and filaments 
from the internal carotid plexus to form the 
tympanic plexus From this plexus emerges 
the small superficial petrosal nerve through 
which parasympathetic fibers are continued to 
the otic ganglion From this ganglion postgan- 
glionic fibers are conveyed to the parotid gland 
via the auriculotemporal nerve The tympanic 
plexus itself sends filaments to the mucous 
membrane of the tympanic cavity, the mastoid 
air-cells, auditory (Eustachian) tube, and the 
internal ear 

3) The vagus nerve contains the greater 
proportion of the fibers of the bulbar outflow 
They arise from the dorsal motor nucleus of 
the vagus and are distributed through the lat- 
ter’s numerous branches to the thoracic and 
abdominal viscera (chap 2) Unlike those in 
the other two cranial nerves, the preganglionic 
fibers of the vagus connect with ganglion cells 
situated within the innervated organs Thus, 
the vagal fibers to the heart connect with gan- 
glion cells m the cardiac walls those to the 
bronchi with the nerve cells of the intrinsic 
plexus m the bronchial walls, those to the 
esophagus, stomach, and intestine form syn- 
apses with the ganglion cells of the myentenc 
plexus of Auerbach and the submucous plexus 
of Meissner The preganglionic fibers are 
therefore quite long, the postganglionic very 
short, and the analogue of the terminal ganglia 
may be represented as relatively small collec- 
tions of postganglionic neurons The cells of 
origin of most of the cardiac fibers of the vagus 
form a discrete group (cardiomhibitoiy center) 
lying alongside the dorsal nucleus of the vagus 

SACRAL OUTFLOW 

The cells of origin he m the intermediate 
columns of the 2nd, 3rd and 4th, and some- 
times the 1st sacral segments of the spinal 
cord The preganglionic fibers emerge in the 
anterior roots of the corresponding sacral 
nerves, then leave the spinal nerves again and, 
proceeding peripherally as the pelvic nerve (or 
nervm engens), on each side, enter into the 


formation of the pelvic plexus The fibers term- 
inate around ganglion cells lying in close re- 
lation to the pelvic organs They carry motor 
impulses to the walls of the descending colon, 
rectum, and bladder, inhibitory impulses to 
the internal anal and visical sphincters and to 
the uterus, and dilator impulses to the blood 
vessels of the bladder, rectum, and genitalia 


FJeriOus 

Because the autonomic nervous system 
transmits information to the spinal cord and 
brain from the viscera, and because it provides 
a significant part of the motor control of all 
cardiac and smooth muscle, of exocrine glands 
and possibly of certain endocrine organs, its 
function may be designated as visceral control 
It IS not, however, the sole means of such con- 
trol, inasmuch as the digestive tract, for exam- 
ple, has an elaborate pattern of control based 
upon intrinsic and extrinsic hormonal mecha- 
nisms A complete account of the control of 
digestion, therefore, must include both neural 
and hormonal components They are alike in 
that both appear to be “involuntary,” oper- 
ating without conscious awareness of their ac- 
tivity They are nevertheless interdependent, 
and both are under the influence of the central 
nervous system 

Through its various activities the autonomic 
system contributes to the maintenance of the 
constancy of composition of the fluid environ- 
ment of the body’s cells, it serves to combat 
forces, acting either from within or without, 
which tend to cause variations in this environ- 
ment Regulation of the composition of the 
body fluids and their temperature, quantity, 
and distribution is effected through the ac- 
tions of the autonomic nerves upon circulatory, 
respiratory, excretory, and glandular organs 
For example, of glandular structures under 
autonomic influence, the liver, pancreas, and 
adrenal medulla are of especial importance in 
the regulation of blood sugar, the sweat glands 
aid in the control of body temperature The 
stability of the internal environment (the mi- 
lieu interne of Claude Bernard) which is so 
characteristic of the healthy body, was desig- 
nated by Cannon as homeostasis. According to 
Cannon, the essential and particular function 
of the autonomic system is to contribute to the 
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internal adjustments upon which this constant 
state depends 

The great majority of the effector organs of 
the autonomic system are innervated by both 
sympathetic and parasympathetic divisions, 
and the effects exerted by the two types of 
fiber going to a given organ are antagonistic 
Thus, the heart’s action is inhibited by the 
vagus but augmented by the sympathetic In 
the intestine the effects of the two systems are 
reversed, the parasympathetic (vagus nerve to 
the small bowel and upper half of the colon, 
and the pelvic nerve to the lower half of the 
latter) is augmentative, the sympathetic is in- 
hibitory The removal of the effects of one set 
of fibers, as by section, results, as a rule, in the 
effects of the other set becoming more promi- 
nent, at least temporarily This fact indicates 
that each type of fiber exerts a constant or 
tonic action and suggests that the two effects 
are delicately balanced one against the other 
Thus, section of the vagus nerves causes an 
increase in the cardiac rate, and section of the 
parasympathetic or of the sympathetic fibers 
to the ins causes, respectively, dilation or con- 
striction of the pupil 

Taken as a whole the actions of the sympa- 
thetic division including the medulla of the 
adrenal gland are directed towards strength- 
ening an animal’s defenses against the various 
dangers which beset it, eg, extremes of tem- 
perature, deprivation of water, or the attacks 
of its enemies It has been shown by Cannon et 
al (1929), however, that the sympathetic 
system is not indispensable, both gangliated 
cords may be completely removed yet the 
animal remains in good health provided it is 
kept in the sheltered environment of the labo- 
ratory Sympathectomized cats if kept warm 
and carefully tended will live indefinitely Kit- 
tens depnved of their sympathetic trunks grow 
normally, female cats become pregnant and 
give birth to young, though the mammary 
glands do not function normally because of 
interruption of the sensory nerves supplying 
the nipples Sympathectomized animals are, 
however, incapable of arduous work, sugar is 
not mobilized from the liver on demand, an 
mcrease of circulating red blood cells does not 
occur during excitement or exercise, the usual 
reactions to cold (elevation of the hairs and 
vasoconstriction) fail, and epinephrine is not 
liberated in an emergency They are also less 
able to withstand oxygen lack or hemorrhage 


than are normal animals It is evident that the 
sympathectomized animal could not fend for 
itself, and, in the struggle for existence, would 
soon succumb to the hazards of the environ- 
ment The sympathetic ganglionated chain has 
also been completely removed m man, thus 
abolishing all connection of the peripheral 
sympathetic system with the central nervous 
system, without producing any serious conse- 
quences 

Parasympathetic effects, as noted above, are 
more localized in character It has also been 
suggested that they are concerned with con- 
servative and restorative processes, m contrast 
to the sympathetic with processes involving 
the expenditure of energy Inhibition of the 
heart, contraction of the pupil for the protec- 
tion of the eye from intense light and the ac- 
tivities of the digestive tract, through which 
the energy stores of the body are replenished, 
are frequently given as examples of acts of 
conservation presided over by the parasympa- 
thetic These apparent differences in the activ- 
ities of the two divisions have led some (fol- 
lowing Gaskell) to speak of the functions of the 
sympathetic and parasympathetic divisions as 
catabolic and anabolic, respectively It is an 
interesting but essentially a philosophical gen- 
eralization 

Chemical (Humoral) Transmission of 
Nervous Impulses 

In the autonomic nervous system the trans- 
mission of impulses from neuron to neuron, 
and from neuron to effector cell is accom- 
plished by the elaboration of chemical sub- 
stances by the nerves (sect 1, chap 3) The 
classical experiments of Otto Loewi, m 1921, 
first clearly demonstrated the existence of 
humoral mediators Two frog hearts, arranged 
in standard fashion for recording contractions, 
were prepared so that the fluid perfusing one 
heart could come m contact with the second 
Upon stimulation of the vagus nerve to the 
first heart, its rate of contraction was reduced 
When the fluid perfusing this heart came in 
contact with the second it also slowed in rate 
although its vagus had not been stimulated 
Some substance had obviously been released in 
the first heart which could be earned by the 
perfusing fluid to the second Loewi termed 
this material Vagusstuffe By the same tech- 
nique, stimulation of the cardiac accelerator 
nerve to the first heart increased its rate and 
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also the rate of the second heart when the per- 
fusing fluid reached the latter This response 
Loewi attributed to the release of Acceleranss- 
tuffe 

By various techniques, Vagusstuffe has been 
shown to be acetylcholine, and Acceleranss- 
tuffe is norepinephrine In 1933, Sir Henry 
Dale proposed the terms cholinergic and adre- 
nergic to describe the nerves which liberated 
acetylcholine or epinephrine (or related sub- 
stances) (Fig 9 47) The adjectives are also 
used to describe agents which cause effects 
similar to those produced by acetylcholine and 
epinephrine Dale also proposed that cells 
stimulated by cholinergic or adrenergic nerves 
be termed cholinoceptive and adrenoceptive, 
respectively 

CHOLINERGIC TRANSMISSION 

Acetylcholine is now recognized as the me- 
diator of impulses at all autonomic ganglia, in 
the adrenal medulla, at all parasympathetic 
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Digestive glands 
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Fig 9 47 Distribution of cholinergic and adrenergic 
fibers in Darasympathetic Ueft) and sympathetic divisions 
of the autonomic system Cholinergic mechanisms are 
in black adrenergic neurons are in color 


postganglionic terminations, sympathetic post- 
ganglionic endings at sweat glands, and motor 
nerve endings at skeletal muscle In these cho- 
linergic nerve fibers acetylcholine is synthe- 
sized (Ritchie and Goldberg, 1970), and re- 
tained in an inactive form m morphologically 
discrete vesicles Upon stimulation of the 
nerve the acetylcholine is set free and diffuses 
from the terminations (Paton et al , 1971) 
The same vesicles contain an enzyme, cholm- 
acetylase, which promotes the synthesis of 
acetylcholine from choline and acetyl coen- 
zyme A Cholinacetylase is very widely distrib- 
uted in the nervous tissues, being found m 
brain, ganglia, and peripheral nerves, it is also 
present in the placenta, but is absent from 
liver and kidney For optimal activity this 
enzyme requires Mg++, K+ and Ca'*'^ ions 
(Fig 9 48) 

Transmission of excitation from one neuron 
to another is accomplished by the release of 
acetylcholine from these synaptic vesicles into 
the “cleft” between the terminals of the first 
neuron and the receptor mechanism of the 
second Calcium ions are required for this re- 
lease of acetylcholine Fatt and Katz (1952) 
demonstrated that the presynaptic transmis- 
sion process is not infinitely graded, but ex- 
hibits discrete increments that depend upon 
the release of acetylcholine molecules m bursts 
of several thousand molecules each (Fig 9 13, 
p 9-13) They correlated postsynaptic end- 
plate potentials with the release of these 
packets or quanta of transmitter molecules 

The action of this acetylcholine upon the 
postsynaptic cell is compatible with the hy- 
pothesis that it combines with a receptor sub- 
stance in the membrane under the presynaptic 
termina The receptor is believed to be limited 
to the exterior of the membrane, because Del 
Castillo and Katz (1955) found that intracel- 
lular injection of acetylcholine did not activate 
the postsynaptic cell Ordinarily the receptor 
IS found only adjacent to the terminal If the 
presynaptic nerve fiber is cut, however, after 
some days the postsynaptic cell seems to be- 
come hypersensitive to the transmitter sub- 
stance — in this instance, to acetylcholine 
When this occurs the area of the membrane 
sensitive to acetylcholine spreads from the re- 
gion of the terminals until the entire surface of 
the muscle cell becomes sensitive With rein- 
nervation, the receptive surface contracts until 
it IS once again limited to the area under the 
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Presynaptic Cleft 

I Metabolism 

a) Biosynthesis (choline-acetylase) 

O 

CH3C-SC0A + choline —* ACh + coA SH 

b) Degradation (acetylcholinesterase) 

ACh + H2O A + Ch ACh 


Postsynaptic 

Receptor site — permeabihty 
change, receptor is a membrane 
protein 


2 Storage — vesicles ^ 


ACh-^R 


2 Inactivation 

a) enzyme — acetylchohnesterase 
ACh + H2O A + Ch 

m membrane 

b) uptake — > 


3 Release 

action potential can mediate 
Ca**^ nec , Mg++ antagonizes 
Na"^ increases^ 

Botulinum toxins block 

4 Reuptakc 

choline uptake ^ 

Na"*" dependent 


ACh->E 



Fig 9 48 Synaptic chemistry of acetylcholine (Kravitz 1967) 


terminals (Miledi, 1960) The nature and iden- 
tity of the receptor substance are unknown 

After its release acetylcholine is unstable, it 
IS readily hydrolyzed to choline and acetate 
ion This hydrolysis occurs almost instanta- 
neously in the presence of acetylcholinesterase, 
an enzyme present at the termination of cho- 
linergic nerves The enzyme is one of a group 
of hydrolytic enzymes, often referred to as 
cholinesterases, found in the body Acetylcho- 
linesterase, or true or specific cholinesterase, 
has acetylcholine as its preferred or only sub- 
strate, and IS most effective when the amount 
of acetylcholine is small The other (pseudo- or 
nonspecific) cholinesterases will utilize acetyl- 
choline and other choline and noncholme es- 
ters as a substrate and are most effective in 
the presence of large quantities of acetylcho- 
line 

Cholinesterases may be inhibited by a va- 
riety of substances Much of the knowledge 
about acetylcholine and nerve impulse trans- 
mission has been obtained through the ability 
of these agents to inhibit acetylchohnesterase 
Physostigmine (eserme), an alkaloid extracted 
from the Calabar bean (Physostigma vene- 


nosum) was the first substance shown to in- 
hibit these enzymes Subsequently many syn- 
thetic inhibitors have been prepared, among 
them neostigmine (Prostigmm), di-isopropyl- 
fluorophosphate (DFP) and tetraethylpyro- 
phosphate (TEPP) Physostigmine and neo- 
stigmine are reversible inhibitors, the enzyme 
is inactivated only so long as it is in combina- 
tion with the inhibitor As the latter is elimi- 
nated by the body, the enzyme once more be- 
comes active DFP and TEPP combine irre- 
versibly with the enzyme, permanently inacti- 
vating it Hence, for cholinesterase activity to 
be restored new enzyme must be synthesized 
Acetylcholine Liberation during the 
Discharge of Epinephrine. Stimulation of 
the sympathetic fibers supplying the adrenal 
medulla causes an acetylcholine-like substance 
to appear in the blood of the adrenal vein It 
has therefore been concluded that acetylcho- 
line acts as a chemical transmitter from the 
nerve terminals to the medullary cells It will 
be recalled that the sympathetic fibers ending 
in the adrenal are preganglionic, the adrenal 
cell being in fact a postganglionic neuron 

Acetylcholine as the Transmitter of 



9-62 


Section 9 


Effects to the Sweat Glands. Although the 
human sweat glands are innervated by the 
sympathetic, their behavior to drugs is similar 
to that of structures supplied by the parasym- 
pathetic, they are unaffected by epinephrine, 
stimulated by pilocarpine, and paralyzed by 
atropine Dale and Feldberg (1934) showed 
that excitation of the sympathetic fibers to the 
foot pads of the cat is followed by sweating 
and the appearance of acetylcholine in the es- 
enmzed fluid perfusmg the paw 

ADRENERGIC TRANSMISSION 

Knowledge of the chemistry of the adre- 
nergic mediator has increased dramatically in 
recent years Cannon and Bacq in 1931 dem- 
onstrated that stimulation of adrenergic nerves 
liberates into the circulation a substance which 
they called “sympathm ” Although many of 
the effects of sympathetic stimulation could be 
reproduced by administration of epinephrine, 
Cannon and Rosenblueth (1933) were unable to 
demonstrate a complete qualitative and quan- 
titative identity between the two types of 
stimulation U S von Euler (1946) then 
showed that “sympathin” is a compound re- 
lated to epinephrine, namely, dl-(3 , 4-dihy- 
droxyphenyl) ethanolamine or norepinephrine 

The confusion arismg from much of the orig- 
inal work with the adrenergic mediators was 
related to the difficulty m separating epineph- 
rme and norepinephrine, and correctly identi- 
fying these compounds For example, extracts 
of the adrenal medulla contain roughly 10% of 
norepinephrine as a contaminant of what was 
believed to be pure epinephrine On the other 
hand, norepinephrine is the principal if not the 
only chemical mediator at adrenergic postgan- 
glionic sympathetic nerve endings (see von 
Euler, 1971) 

Epinephrine and norepinephrine belong to a 
class of compounds known as catecholamines, 
synthesized in the body from phenylalanine 
The senes includes a precursor, (3,4-dihy- 
droxyphenyl) alanine (dopa), (3,4-dihydroxy- 
phenyl) ethyl amine (‘'dopamine’'), (3,4-dihy- 
droxyphenyl) ethanolamine (norepinephrine, 
arterenol); methyl norepinephrine (epineph- 
nne), and another compound known as isopro- 
pylarterenol or isoproterenol (see Fig 9 49) 
These compounds have been studied inten- 
sively, so that their pathways of synthesis are 
largely known, and also the reactions through 



Fig 9 49 Biosynthesis of catecholamines from 
L -tyrosine (i e hydroxyphenylalanine) The enzyme for 
the fourth step phenylethanolamine A^-methyl transferase 
IS present in adrenal medulla and chromaffin tissues but 
not m typical postganglionic adrenergic endings (Iversen 
1967) 


which they are inactivated in biological sys- 
tems (Iversen, 1967) 

The synthesis of the adrenergic mediators 
from phenylalanine can proceed through a va- 
riety of pathways There are vesicles present m 
adrenergic nerve terminations which appar- 
ently subserve the function of storage of nor- 
epinephrine (Geffen and Livett, 1971), and 
which contain the enzyme, dopamine- ^-oxi- 
dase, which converts dopamine to norepineph- 
rine. Nerve terminals have an interesting 
mechanism for conserving norepinephrine, 
inasmuch as most of the norepinephrine pres- 
ent m these vesicles comes from that which 
was liberated by the nerve ending, the sub- 
stance diffusing back into the nerve, and 
thence into the vesicles (Fig 9 50) Strom- 
blad and Nickerson (1961) demonstrated that 
both epinephrine and norepinephrine, exogen- 
ously admmistered, could be stored m the tis- 
sues, and that the storage was less m chrome 
sympathetically denervated tissues, suggest- 
ing that the site of storage was m the nerve 
endings 

The concept of the mobility of the adre- 
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nergic mediator out of, and back into, the 
nerve endings is important for an under- 
standing of various drug effects and the dura- 
tion of the effects of adrenergic nerve stimula- 
tion For, compared to acetylcholine, the adre- 
nergic mediators are inactivated relatively 
slowly 

Inactivation. At least four possible path- 
ways of epinephrine metabolism have been 
described 1) An enzyme, monoamine oxidase, 
IS present throughout the body which is ca- 
pable of oxidatively deaminatmg primary 
amines Epinephrine and norepinephrine are 
substrates for this enzyme, although the reac- 
tion proceeds rather slowly 2) Conjugation of 
epinephrine with glucuronic or sulfuric acid at 
the hydroxyl groups occurs, primarily in the 
liver and intestines 3) The phenolic hydroxyl 
groups of epinephrine are readily oxidized. 


ADRENERGIC NERVE TERMINAL 



EFFECTOR CELL 

Fig 9 50 Schematic drawing of adrenergic nerve 
terminal Pathway of synthesis of norepinephrine [NE) 
from tyrosine (TYR) is shown together with presence of 
monoamine oxidase {MAO) Norepinephrine is released 
from storage sites and also re-accumulated into these 
sites some is oxidized by catechol-0- methyl transferase 
(von Euler 1971) 


forming a qumone which in turn forms a cyclic 
structure adrenochrome 4) Axelrod (see Ax- 
elrod and Kopin, 1969) has demonstrated that 
the phenolic group in the meta position is 
methylated by the enzyme, 0-methyltrans- 
ferase, in the body (Fig 9 51) This probably 
IS the principal metabolic pathway for circu- 
lating epinephrine and norepinephrine It ap- 
pears, however, that none of these inactivating 
mechanisms is the one primarily responsible 
for terminating adrenergic effects Rather, the 
termination of adrenergic effects results from 
the diffusion of the mediator from the effector 
site back into the nerve termination 

Receptor Sites The concept of specific 
receptors, first proposed by Dale in 1906, aids 
m understanding the rather complex responses 
to sympathetic stimulation or epinephrine 
administration Noting that epinephrine 
caused some smooth muscle to contract, while 
it relaxed others, he proposed that the former 
had ‘‘motor” type receptors while the latter 
had “inhibitory” type receptors In 1948 an 
American pharmacologist, Ahlquist, proposed 
a modification of this concept that is now uni- 
versally accepted He utilized five different 
catecholamines, including epinephrine, norepi- 
nephrine, and isoproteranol, in a comparative 
test of their potency on a variety of physiolog- 
ical reactions He found that these amines had 
one rank order of potency in evoking vasocon- 
striction, excitation of uterus and ureters, con- 
traction of nictitating membrane, dilatation of 
pupil and inhibition of smooth muscle in the 
intestine But they had a different rank order 
of potency when tested on functions that in- 
cluded vasodilatation, inhibition of the uterus, 
and myocardial stimulation From these re- 
sults he concluded that the effector cells must 


f^5^^^CH(OH)CHjNHj 1 j^*^CH(OH)CH2NH2 
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Fig 9 51 Pathways by which catecholamines are inactivated by catechol-O-methyl transferase (1) or by mono- 
amine oxidase (2) NE is norepinephrine NMN is normetanephrine DHPG is 3,4-dihydroxyphenylethylglycol DHM 
IS 3 4-dihydroxymandelic acid MHPG is 3-methoxy 4-hydroxyphenylethylglycol VMA is 3-methoxy, 4-hydroxyman- 
delic acid (Iversen, 1967) 
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possess two different types of adrenergic re- 
ceptor mechanisms, one of which is associated 
with most of the excitatory functions and inhi- 
bition of smooth muscle of the intestine The 
other IS associated with most of the inhibitory 
functions plus an excitatory action upon the 
heart These hypothetical receptors, given the 
designation a and have been extensively 
studied by later investigators, with the general 
conclusions shown in Table 9 2 Furchgott 
(1954) has presented evidence which indicates 
that with vascular smooth muscle, at least, 
individual cells may contain both a and ^ re- 
ceptors 

Norepinephrine appears to stimulate only a- 
receptors, isoproterenol only /3-receptors, and 
epinephrine is capable of stimulating both 
Epinephrine is 2 to 10 times more potent than 
norepinephrine in stimulating the a receptors 
Isoproterenol is 2 to 10 times more potent than 
epinephrine in stimulating the /3 receptors and 
100 or more times more active than norepi- 
nephrine Therefore, although epinephrine is 
the more potent agent as a vasoconstrictor, 
norepinephrine may produce a greater rise in 
blood pressure for a given dose, since it has 
little or no effect on vasodilator fibers 

Higher Levels of Visceral Control 
Systems 

Both afferent and efferent components of 
the visceral control systems can be demon- 
strated in levels above the segmental or reflex 
mechanisms of spinal cord and cranial nerves 
The cell bodies of the interneuronal (pregan- 
glionic) neurons lie in a column of cells that is 
continuous throughout thoracic and lumbar 
segments of the cord, can be identified but is 
less conspicuous in sacral segments, and is 
grossly interrupted m the brainstem where it 
has the form of four isolated cell groups (see 
preceding chapter) In the spinal cord it is 
called the mtermediolateral cell column of the 
central grey substance, because of its location 
and relationships, in the brainstem each of the 
four cell groups is designated as a “nucleus” — 
the Edinger-Westphal nucleus of nerve III, the 
salivatory nuclei of nerves VII, and IX, and the 
dorsal motor nucleus of the vagus (nerve X) 

If there is any processing of information, or 
modulation of control, within autonomic gan- 
glia it is of only a simple nature, and can involve 
only the terminations of preganglionic upon 
postganglionic neurons, inasmuch as afferent 


Table 9 2 

Functions of a and ^ adrenergic receptors 
a Receptors 

Vasoconstriction, especially m vessels of skin, 
mucosa, gut, salivary glands, lungs, cerebral cir- 
culation 

Stimulation of contraction of radial muscle of iris 
(pupillodilation), of nictitating membrane, of 
pilomotor muscles, of muscle of uterus, and of 
ureter 

Stimulation of glycogenolysis 
Inhibition of insulin secretion 
Inhibition of smooth muscle of intestine 

/3 Receptors 

Vasodilatation m coronary circulation and m skel- 
etal muscle, and possibly in the liver 
Relaxation of muscle of bronchi, and of uterus 
Stimulation of lipolysis 
Stimulation of insulin secretion 
Stimulation of heart, with cardioacceleration, in- 
crease in contractility of muscle of atria and 
ventricles 


fibers do not send terminals to cells in the 
ganglia Synaptic functions within ganglia 
seem to be stereotyped A functional signifi- 
cance is attributed, however, to the difference 
in innervation ratios in the two divisions of the 
autonomic motor system In the craniosacral 
portion each preganglionic neuron innervates 
only a limited number of postganglionic cells, 
and control tends to be discrete rather than 
diffuse In the thoracolumbar portion, by con- 
trast, fibers from white rami may terminate m 
a given ganglion, or also run through it or even 
through several ganglia, with terminations 
upon as many as 30 postganglionic cells This 
means that responses tend to be diffuse or 
generalized This tendency is reinforced by the 
circumstance that one of the pnncipal collec- 
tions of thoracolumbar postganglionic cells is 
the medulla of the adrenal gland By dis- 
charging their “transmitter,” which is epi- 
nephrine with smaller percentage of norepi- 
nephrine, directly into the circulation they 
assure the generalized character of any signifi- 
cant sympathetic activation 

A lack of data regarding what happens in 
the mtermediolateral cell column makes it 
impossible to discuss the nature of control at 
this level On the other hand, there are plen- 
tiful data regarding stimulation of autonomic 
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otor systems both directly and reflexly 
thin brainstem, diencephalon, and even cer- 
elium and cerebral cortex Neurons that can 
activated at these levels must be regarded 
connector, mternuncial neurons, but they 
3 also computational in that they are respon- 
)le for naturally occurring control responses 
le earliest experiments upon these higher 
3 chanisms were intended to disclose the lo- 
tion of a mechanism that produces glycos- 
a after surgical injury to the medulla oblon- 
ta, the sucre piqure of Claude Bernard They 

I to the concept that the medulla contains a 
3 flex” center for control of epinephrine se- 
ction In later experiments electrical stimu- 
lon of the floor of the 4th ventricle was 
ind to produce a rise in blood pressure, ac- 
eration of the heart, peripheral vasocon- 
iction, and secretion of epinephrine, and it 
came clear that autonomic controls are 
ijor functions of the brainstem These sys- 
ns are now classified as the so-called medul- 
y cardiac center, vasopressor center, or vas- 
opressor center (please see sect 3, chaps 
ind 9) Similar studies related to control of 
Imonary ventilation involve “automatic” 

not autonomic mechanisms, as discussed 
section 6, chapter 4 

Just before the first World War, two Vien- 
se investigators, Karplus and Kreidl (1910), 
covered that they could evoke a surprising 
lety of sympathetic responses by stimu- 
ing the base of the brain m animals where 
y had exposed the brain by removal of one 
)it Ranson (1936, 1937) and his associates 
er repeated their experiments with the pre- 
ion of the sterotaxic method, and described 
inges in heart rate, blood pressure, respira- 
n, secretion of salivary and other glands, as 

II as changes in the motility of stomach, 
vel, and bladder after stimulation within 
‘ hypothalamus The most active sites were 
the lateral hypothalamus, and some of the 
ponses obtamed were m the nature of inhi- 
lon rather than stimulation (Ingram, 1939) 
)m their results and those of other laborato- 
3 came almost innumerable attempts to as- 
n the several portions of the hypothalamus 
either the craniosacral or thoracolumbar 


systems Many authors have concluded that 
the rostral hypothalamus tends to be cranio- 
sacral in its orientation, with the more caudal 
part thoracolumbar As a generalization, how- 
ever, It IS more nearly correct to say that the 
lateral hypothalamus tends to be excitatory 
and the medial hypothalamus inhibitory, no 
matter what kind of control system is under 
consideration Moreover, from an electrode at 
any given locus m the hypothalamus one may 
obtain either a rise or a fall in blood pressure 
and heart rate, depending upon the frequency 
and strength of the electrical stimulation 
These observations, together with the disclo- 
sure that the hypothalamus participates in 
predictable ways in control systems having 
obvious functions suggests that the goal of 
identifying discrete “centers” for sympathetic 
as opposed to parasympathetic actions is not 
in keeping with the organization of this por- 
tion of the brain 

Although the hypothalamus is sometimes 
said to be the level of highest control of auto- 
nomic functions, the “head ganglion” of the 
autonomic system, it is not the highest level 
from which autonomic responses can be 
evoked There are reports of alterations in 
blood pressure and heart rate, as well as m 
peripheral distribution of blood flow, following 
stimulation of certain regions of the cerebral 
cortex, and even after cerebellar stimulation 
Neither the nature of the responses nor the 
location of the active sites lends itself to any 
generalization as to the significance of these 
results One possibility is that, inasmuch as 
Pavlovian conditioning in general requires cor- 
tical function, and inasmuch as autonomic re- 
sponses readily show conditioning, this may be 
the significance of these cerebral locations 
One cannot say, however, whether any partic- 
ular lesion or ablation of the cerebral cortex 
will reduce or abolish any one of these condi- 
tioned responses Another interesting possi- 
bility has followed the discovery that many of 
the regions from which autonomic responses 
can be evoked belong to what is known as the 
“limbic system” (MacLean, 1970), the portion 
of the brain believed to be responsible for emo- 
tional experience (chap 8, p 9-156) 
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The process that ultimately evokes short- 
ening of skeletal muscle via the actomyosm 
complex is believed to be a release of calcium 
ions from the membrane of the muscle fiber 
In mammalian striated muscles this calcium is 
stored in what is known as the triad, a struc- 
ture adjacent to the transverse (or T) tubules 
of the sarcoplasmic reticulum, and also adja- 
cent to the cistemae that run parallel to the 
fibrils The lumen of the transverse tubule is 
continuous with the extracellular compartment 
surrounding the muscle cell, and the mem- 
brane lining the tubule is likewise a projection 
of the sarcolemmal membrane When microe- 
lectrodes are placed on the sarcolemmal mem- 
brane in the region of origin of a transverse 
tubule, the application of an electrical stim- 
ulus produces a contraction of only the two 
adjacent half-sarcomeres on each side of the 
tubule (Huxley and Straub, 1958, Huxley and 
Taylor, 1958) Apparently the excitatory 
process initiated in the sarcolemma is propa- 
gated into the muscle via the transverse tu- 
bule, where it brings about a release of calcium 
ions from the tnad, and hence the initiation of 
the contraction process (see Peachey, 1965, 
Wmegrad, 1965) 

If the ultimate process is taken to lie in the 
triad and sarcoplasmic reticulum, at least two 
other stages of excitation and transmission are 
interposed between this final level and the 
nerve impulse of a motor nerve Just above the 
level of the reticulum is the membrane of the 
muscle cell It is this membrane that may or 
may not be activated by natural or artificial 
stimulation It is also this membrane that 
gives the contraction process some of its 
classic characteristics, including the all-or- 
nothmg phenomenon The membrane may 
undergo local changes that electrically have 
the characteristics of electrotonus, the local 
excitatory state (LES) described in chapter 1 
When this local state becomes intense enough 
m a short enough time course, a disturbance 
analogous to a nerve impulse is spread over the 
surface of the fiber, and throughout its sarco- 
plasmic reticulum 
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At the next higher level of control is the 
nerve ending on the muscle, which typically 
has the form of a motor end-plate (Fig 9 52) 
The nerve impulse reaches the ending, and 
there sets up processes similar to those respon- 
sible for synaptic transmission m autonomic 
ganglia The onset and course of these proc- 
esses may be followed by recording of potential 
changes, but the processes per se are physico- 
chemical, and involve the release of acetylcho- 
line from vesicles in the nerve ending, the dif- 
fusion of the acetylcholine across the neuro- 
muscular ‘‘cleft,” and some unknown interac- 
tion of the acetylcholine with a receptor sub- 
stance present on the sarcolemmal membrane 
only in the region of the motor end-plate The 
acetylcholine so released is inactivated almost 
at once by acetylcholinesterase, but if the 
quantity of acetylcholine released and the time 
course of its release were adequate, the combi- 
nation of the transmitter and the receptor sub- 
stance alters the membrane potential of the 
sarcolemma sufficient to initiate the wave of 
excitation noted above The electrical sign of 
this excitation is a reversal in polarity of the 
muscle’s membrane potential. As in nerve, this 
action potential is not identical with the wave 
of excitation that induces it, but the more fun- 
damental reaction known as a nerve impulse 
m nerve has no comparable brief name when it 
occurs in muscle 

Central Neural Control of Muscle 

All striated or skeletal muscles of higher 
animals are controlled by neurons located in 
the motor columns of spinal cord and brain- 
stem, that send their axons to the periphery in 
spinal or cranial nerves In the spinal cord 
these neurons are collected in the anterior grey 
columns into groups innervating the individual 
muscles or muscle groups (chap 1) In the 
brainstem they are present m two distinct col- 
umns One innervates muscles derived embry- 
ologically from myotomes, and includes the 
motor nuclei of the oculomotor, trochlear, 
abducens, and hypoglossal nerves The other 
innervates striated muscles derived from the 
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Fig 9 52 Motor end plate for neuromuscular transmission m striated muscle A Diagram of microscopic 
appearance B diagram based on electronmicroscopic data (Bloom and Fawcett 1968) 


embryonic branchial arches, and includes 
motor nuclei of the trigeminal and facial 
nerves, in addition to the nucleus ambiguus 
that gives rise to motor fibers in the glosso- 
pharyngeal, vagus, and accessory nerves to 
supply striated muscles of the pharynx and 
larynx 

It IS not possible to describe the control of 
skeletal muscle by considering only the motor 
neurons They are continuously under the in- 
fluence of other neurons, including mainly the 
afferent (receptor) neurons and the connector 
(internuncial) neurons of that level of the neu- 
roaxis They are also affected by nerve im- 
pulses that come from the opposite side of the 
spinal cord or brain, and by impulses from 
lower and especially from higher mechanisms 
In spite of this complexity, many of the prop- 
erties of the motor control systems can be dis- 
closed by study of the segmental mechanisms 
responsible for what is known as reflex action 


CHARACTERISTICS OF REFLEX ACTIVITY 
The anatomical basis of reflex action is the 
reflex arc (Fig 9 53), which has three basic 
components a) An afferent limb is composed 
of the receptor organ, which upon excitation, 
gives rise to nerve impulses and the neuron 
whose processes transmit the impulse to the 
central nervous system, it may consist of the 
spinal reflex arc, the cell bodies of the afferent 
neurons are situated in the posterior root gan- 
glia b) An efferent limb is constituted of a mo- 
tor neuron which conducts impulses from the 
central nervous system to an effector organ- 
muscle or gland In the case of motor spinal 
reflex arcs, the axons of the efferent neurons 
leave the cord by the anterior nerve roots and 
travel in the peripheral nerves, their cell 
bodies are situated m the anterior horns c) A 
“center” is situated m the gray matter of the 
central nervous system, it may consist of the 
cell body and dendrites of the efferent neuron 
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and its junction (synapse) with the central 
process of the afferent neuron 

The afferent and efferent limbs may connect 
directly in the center, but usually one or more 
nerve cells may be interposed between the 
two These are spoken of as connector, inter- 
nuncial, or intercalated neurons (Fig 9 53) 
The stretch reflex as shown by Lloyd (1943, 
1944) can be carried out through a reflex arc of 
only two neurons, but the great majority of the 
spinal reflex arcs in higher animals consist of 
several neurons, and in most reflexes each af- 
ferent neuron makes connection through col- 
lateral branches and internuncial neurons with 
a large number of motoneurons 

Injury, leading to loss of function of any one 
part of the reflex arc, is sufficient to alter the 
function of the whole 

The scientific study of reflexes may be said 
to have begun early in the 1800’s when Bell 
(1811) in England and Magendie (1822a and b) 
in France established the functions of the 
dorsal and ventral roots of the spinal cord (see 
Fulton and Wilson, 1966) By the beginning of 
the present century, Sherrington (1906) at 
London, Liverpool, and then at Oxford had 
begun a detailed, quantitative investigation of 
the properties of extensor and flexor reflexes 
At about the same time the Spanish anato- 
mist, Ramon y Cajal (1909, 1911) presented 
histological evidence in support of the neuron 
“doctrine,” asserting that sensory and motor 
neurons are contiguous but not continuous 
But neurophysiological investigations of reflex 
activity did not penetrate to the synaptic level 
until the introduction of electrophysiological 
methods The use of such methods was pi- 
oneered m the years 1920 to 1926 by Erlanger 
and Gasser (see 1937), who made extensive 
employment of the cathode ray oscilloscope for 


study of electrical responses of nerve and 
spinal cord 

At this time electrophysiological methods 
were also introduced by Adrian (see 1935) for 
the investigation of receptor responses With 
Bronk (Adrian and Bronk, 1929), he carried 
out one of the most important of the early 
studies of how information is coded in sensory 
nerves Some years later the introduction of 
glass microelectrodes by Ling and Gerard 
(1949) enabled workers such as Eccles (1953) to 
examine the events of excitation and inhibi- 
tion at the neuronal level m the spinal cord 

Classification of Reflexes. Reflexes may be 
classified as segmental, mtersegmental, and 
suprasegmental on the basis of their connec- 
tions in the spinal cord Those reflexes whose 
arcs pass through only one segment of the 
spinal cord include, for example, the patellar 
reflex or knee jerk Intersegmental reflexes 
involve ascending or descending pathways, 
thus, pinching the hind limb of a cat may lead 
to flexion of a contralateral forelimb Supra- 
segmental reflexes involve interactions be- 
tween nuclei above the cord and the segments 
of the cord itself Such reflexes are exemplified 
by movements of the head causing extension of 
the limbs in a spinal animal The principal re- 
flexes utilized for investigating the properties 
of the synapse have been the segmental 

Another classification of reflexes has proved 
useful in clinical work Reflexes are classified 
into four categories superficial, deep, visceral, 
and pathological Superficial reflexes are those 
elicited from mucous membranes or skin, i e, 
the surface of the body Examples of such re- 
flexes are the corneal reflex, or blinking of the 
eye when the cornea is touched, and the 
plantar reflex, a flexion of the toes when the 
sole of the foot is stroked Deep reflexes are 
stretch reflexes in which extension of a muscle 
is obtained by striking the tendon of a given 
muscle The patellar reflex (knee jerk), triceps 
and biceps reflexes are examples of this type of 
reflex Visceral reflexes are elicited from deep- 
lying structures examples of such reflexes are 
the pupillary reflex, i e , constriction of the 
pupil when light is shined m the eye, and the 
carotid sinus reflex, in which pressure on the 
carotid sinus causes a fall in blood pressure 
Finally, the pathological reflexes consist of 
those which alre present only as an abnor- 
mality An example of this type is the Ba- 
binski reflex which consists of a spreading of 
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the toes when the plantar surface of the foot is 
stroked This reflex may be evoked from hu- 
mans when injuries to the upper motor path- 
ways of the spinal cord are present 

The Reflex Preparation. Two animal prep- 
arations have usually been employed to study 
the properties of spinal reflexes, the spinal and 
the decerebrate animal The spinal animal is 
prepared by sectioning the cord at any level 
above the level to be studied If the section is 
higher than the lower cervical region, artificial 
respiration is necessary because the motor 
neurons of the phrenic nerve are cut off from 
necessary medullary control (sect 6, chap 4) 
Immediately after the transection, the spinal 
animal is in a condition called spinal shock in 
which there is complete absence of reflexes 
below the level of the section Within an hour 
or two there is a return of the flexion and ex- 
tension reflexes m the cat and dog, in the 
human the return may take weeks or more 
The blood pressure of the spinal animal tends 
to fall immediately after the section, but if the 
animal is properly maintained, oxygenation is 
satisfactory, acid-base balance of the blood is 
achieved, and the blood pressure returns to 
normal values 

A decerebrate animal is prepared by tran- 
secting the brainstem through the mesenceph- 


alon, usually at a level between superior and 
inferior colliculi As soon as it recovers from 
the anesthetic used during the operation, such 
an animal shows striking exaggeration of 
stretch reflexes, particularly in extensor and 
other ‘antigravity” muscles The limbs are 
rigid, with hyperextension of the back (opis- 
thotonus) and tail, and tight closure ot the 
jaws The usefulness of either a spinal or a 
decerebrate preparation is that it permits the 
study of reflexes without anesthesia that would 
depress reflex activity Furthermore, by com- 
paring the two types of preparation one can 
learn something about functional levels m the 
spinal cord and brainstem, especially when 
sections are made at varied levels in the spinal 
cord, and at different levels through the brain- 
stem 

Sherrington (1906) studied mainly the spinal 
reflexes of muscles acting upon the lower limbs 
of cats (Table 9 3) The lower the plane of the 
section through the spinal cord the more easily 
the preparation can be maintained for study 
His usual procedure involved the following 
steps general anesthesia using ether, decere- 
bration followed by withdrawal of the anes- 
thesia, exposure of the lower thoracic spinal 
cord, followed by transection of the cord, expo- 
sure of sacral cord, with transection In this 


Table 9 3 

Typical reflex responses of a dog or cat with a section of the central neural axis classified by level and stage of recovery 
for flexor and extensor muscles 


Operation 

Flexor Muscles 

Extensor Muscles 

Low spinal section i e , transec- 
tion at or about level of last 
nb 

i) “Acute spinal,” i e , some 
minutes or hours after transec- 
tion 

Flexor reflex easily evoked 

Tendon -jerk present (‘pluck re- 
flex’) 

Crossed inhibition 

Tendon-jerk present 

li) “Chronic spinal” i e , some 
days, weeks, or months after 
transection 

Flexor reflex easily evoked 

Tendon -jerk present 

Crossed inhibition 

Tendon-jerk present 

Imperfect stretch reflex (postural) 
Extensor thmst 

Crossed extensor reflex 

Decerebrate i e , transection 
between anterior and posterior 
colliculi some minutes or 
hours previously 

Flexor reflex less readily evoked, 
but once evoked has consider- 
able after-discharge 

Tendon-jerk 

Crossed inhibition 

Tendon-jerk with marked tonic 
after-discharge Stretch reflex 
exaggerated and chief factor m 
decerebrate rigidity 

Crossed extensor reflex easily ob- 
tained with long tome after-dis- 
charge 


Creed et al , 1932 
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fashion the lumbar elargement of the cord, the 
site of reflex connections for the lower limbs, 
was left in situ but deprived of influences from 
both higher and lower levels The decerebra- 
tion permitted study of the animal without 
pain even in the absence of anesthesia 
The activity of spinal motor neurons was 
displayed by using a muscle as an indicator 
The tendon of the muscle was attached to a 
torsion wire myograph, with a pointer writing 
upon the smoked drum of a kymograph Other 
muscles that might pull upon the myograph 
were either denervated or sectioned 
Types of Reflex Studied. Many experi- 
ments involved the flexion reflex, by definition 
a reflex contraction of a flexor muscle such as 
tibialis anticus This is the reflex that with- 
draws the foot when an animal steps upon a 
sharp or hot surface It includes contraction of 
the appropriate flexor muscles, inhibition of 
the opposing extensor muscles of that limb, 
activation of extensor muscles of the opposite 
limb, and changes in tone of muscles in the 
other two limbs as adjustments to the altered 
center of gravity of the body 
In other experiments the stretch reflex was 
analyzed Its latency is so short that Sher- 
rington at first was not certain it was a true 
reflex It is a quick, brief, and sometimes pow- 
erful contraction to a sharp stretch of a muscle 
and its tendon, and includes the knee jerk, 
ankle jerk, biceps or triceps jerk as examples 
It may be, however, a more prolonged contrac- 
tion following a continued stretching of the 
muscle, especially in the case of an extensor 
muscle in a decerebrate preparation 
Although the terms are sometimes confused, 
it is important to understand that the flexor 
reflex and stretch reflex are not opposites of 
one another For example, both flexor and ex- 
tensor muscles may exhibit stretch reflexes, as 
do the biceps and triceps muscles in the arm 
The fact that flexion reflexes are necessarily 
studied in flexor muscles, while stretch re- 
flexes have been studied mainly in extensor 
muscles, is responsible for the confusion 
Flexion and stretch reflexes may be compared 
or contrasted, but one should not regard the 
latter as necessarily an extensor reflex 

Stimulation used to evoke a flexor reflex is 
usually an alternating electrical current ap- 
plied to a cutaneous, sensory nerve More nat- 
ural stimuli such as pinching of a toe pad, or 
any other usually painful procedure may be 


utilized For stretch reflexes the muscle is 
pulled, briefly for a phasic response or continu- 
ously for a static response Sherrington fas- 
tened one end of the muscle to the myograph 
and then let the table carrying the animal fall 
away from it (see Creed et al , 1932 ) A more 
modern device has the animal in a fixed posi- 
tion on a table that can be elevated by means 
of a lever and cam, so that the muscle pulls 
upon a strain guage 

FLEXION REFLEX 

The significance of Sherrington’s study of 
flexion reflexes (see Sherrington, 1906, Creed 
et al , 1932) lies not so much in what it re- 
vealed as to the character of the reflex re- 
sponse, but rather m the insight he provided 
into the nature of mechanisms lying within the 
spinal cord The reflex, itself, has the following 
charactenstics 

1) From a muscle such as tibialis anticus in 
cat, a flexor of the ankle, a reflex contraction 
can be elicited following stimulation of any of 
the cutaneous nerves of that leg 

2) A stimulus in the form of a single shock 
gives a single twitch of the muscle 

3) Repeated stimulation may give a reflex 
tetanus. 

4) The magnitude of the responses obtained 
from the several cutaneous nerves differs 
(Table 9 4) 

5) The strength of the response vanes with 
the intensity of the stimulation (Fig 9 54) 

6) If two afferent nerves are stimulated si- 
multaneously with weak shocks, the strength 
of the response may be larger than expected, 
exceeding the apparent arithmetical sum of 
the two individual responses This is spatial 
summation 

7) If two afferent nerves are stimulated with 
strong shocks, the resulting response may be 
less than expected, less than the apparent ar- 
ithmetical sum of the individual responses 
This IS known as occlusion 

8) Time required for transmission of the 
excitation through the spinal cord indicates 
that more than one synapse is traversed, that 
IS, the flexion reflex involves intemeuronal ac- 
tivity 

In considering the implications of these re- 
sults it IS necessary to relate all of them to the 
last one, to the presence of connector or inter- 
nuncial neurons and more than one synapse 
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Table 9 4 

Strength of contraction of M Tibialis Anticus (flexor of the foot) in response to stimulation of various cutaneous, sensor) 
nerves Upon direct stimulation of the motor nerve the maximal force of contraction of the muscle v\as 2,160 gm 


Afferent Nerve Stimulated 

Tension of Maximal 
Reflex Tetanus in Grams 

Reflex Tension 
Expressed as Percentage of 
Maximal Motor Tetanus 

Internal saphenous 

800 

32 

Superficial obturator 

165 

6 7 

Deep obturator 

400 

16 

Nerve to quadriceps and sartonus 

1190 

44 

Musculocutaneous branch of peroneal 

1700 

69 

External plantar 

1240 

50 

Internal plantar 

1330 

54 

Small sciatic 

680 

28 

Hamstring 

565 

23 

Nerve of sural triceps 

300 (rather low) 

12 

Total 

8370 



Creed et al , 1932 



Fig 9 54 Myograms of flexor reflex of tibialis anticus 
muscle of spinal cat m was recorded after a single 
shock was applied to the motor nerve the other curves 
were obtained by increasing the intensity of a single 
shock applied to the ipsilateral popliteal (a sensory) 
nerve (Sherrington 1 906) 

Sherrington inferred that activity brought into 
the spinal cord via any one afferent nerve is 
distributed eventually to a variety of collec- 
tions or “pools” of motor neurons (Fig 9 55) 
Furthermore, any given group or pool may re- 
ceive activity from a variety of afferent nerves 
Finally, the influence of the afferent fibers (or 
better, the connector fibers) upon motor neu- 
rons IS not all-or-nothing in magnitude, but is 
graded such that it is sometimes too weak to 
be effective, and sometimes reaches a max- 
imum that cannot be surpassed no matter how 
much stronger the stimulus is made This 
graded, nonpropagated influence is the central 
excitatory state (CES) referred to m chapter 1 
The hypothesis of the CES explains the first 


seven observations listed above Tetanus, for 
example, follows accumulation of CES as a 
result of the arrival of successive impulses 
upon motor neurons Any given motor neuron 
may therefore discharge more impulses and at 
a higher frequency, and neurons at first not 
active will be stimulated by accumulation of 
CES at their membranes Observation 6, spa- 
tial summation, is interpreted to mean that 
each of the weak shocks had a subthreshold 
effect upon neurons common to the two pools, 
consequently, when the two weak shocks were 
applied simultaneously to the two afferent 
nerves they stimulated neurons that had not 
discharged impulses following either of the 
weak shocks alone These particular neurons 
are said to belong to the subliminal fringe of 
neurons m each neuron pool Similarly, in the 
experiment showing occlusion, the maximal 
stimulation of the motor neuron pools supplied 
by the two afferent nerves included a signifi- 
cant number of neurons that were made active 
by either stimulus when it was applied alone 
The result of simultaneous stimulation, there- 
fore, could not be as large as the apparent sum 
of the two individual stimulations Neurons so 
affected by two afferent stimulations are said 
to he m the region of central overlap of the 
two pools, and the afferent impulses are said 
to show convergence upon these neurons Con- 
vergence IS also required for explanation of 
spatial summation, as above 
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lationship between excitatory afferent fibers {a b) as they 
end on motor neurons in two pools (enclosed by sche- 
matic afferent axons) Motor neurons in the portion 
common to the two terminal collections can be excited 
via either afferent This pattern explains the results listed 
in Table 9 3 (Creed et al 1932) 

STRETCH OR MYOTATIC REFLEX 

The adequate stimulus which elicits this re- 
flex IS a stretch of the muscle If the stretch is 
performed rapidly a nearly synchronous volley 
of impulses enters the cord, the reflex response 
IS abrupt and occurs with only the briefest 
central delay The prototype of these reflexes 
IS the patellar reflex or knee jerk in which a 
sharp tap on the patellar tendon produces a 
contraction of the quadriceps muscle The re- 
ceptors involved in this reflex are the annulo- 
spiral endings of the muscle spindle The reflex 
shows no after-discharge, that is the response 
ceases immediately after the stimulus termi- 
nates The measurement of central latency is 
difficult to achieve by myographic methods 
since the latency is so short and the input 
volley not quite synchronous The electrophys- 
lological method to be described below gives a 
period of about 0 5 to 0 9 msec for the central 
latency of the patellar reflex 

In addition to investigating the responses to 
a rapid stretch of muscle, it is possible to 
study the reflex response to a continuous 
stretch of extensor muscles (Fig 9 56) Since 
two types of response exist to stretching ex- 
tensor muscles, the response to a quick stretch 


is termed the phasic response, whereas the 
response to continuing stretch is called the 
tonic response Two components of the tonic 
reflex response can be observed in the my- 
ographic record (Fig 9 56), there is an initial, 
rapidly rising component which is phasic, and 
then a sustained, slowly-falling tension which is 
the tonic component The true course of the 
reflex, however, can only be determined by ex- 
cluding the passive tension developed by the 
muscle This is done by cutting the nerve to 
the muscle and repeating the experiment A 
curve of passively developed tension (Fig 9 56) 
is obtained which can be subtracted from the 
tension developed when the nerve was intact 
The tonic component of the stretch reflex is 
clearly important m maintaining posture Ex- 
tension of the muscle, as by swaying away 
from the center of gravity, activates the 
stretch reflex and restores the muscle to its 
initial length The concept that standing may 
be reflex m nature arose from observations on 
decerebrate animals in which the limbs are 
hyperextended Here “reflex standing” ap- 
pears to be taking place The extensor muscles 
are reflexly activated by any slight stretch of 
the muscle Other factors play a role such as a 
release from inhibiting influences from higher 
centers but the reflex nature of the rigidity is 
demonstrable by sectioning the dorsal roots of 
a single limb, the rigidity then disappears 
Another fundamental phenomenon can be 
observed in these experiments Stretching of 
antagonist muscles such as the semitendmosus 



Fig 9 56 Experiment that proved that stretch re- 
flex IS truly a neural reflex When muscle was stretched 
by fall of table (D the contraction of the muscle with 
normal innervation (M) exceeded the elastic resistance 
of the denervated muscle iP) by the difference between 
tracings M and P Between / and f a stimulation of an 
ipsilateral nerve inhibited the reflex contractions (Creed 
etal 1932) 




Chapter 4 


Control of Skeletal Muscle 9-73 


or biceps femons causes a decrease in reflex 
tension in quadriceps (Fig 9 57) Indeed, 
stretching of the biceps causes complete disap- 
pearance of the myotatic reflex evoked by sus- 
tained stretch to the level given by passive 
tension alone (curve P) (Fig 9 57) This de- 
pression of reflex activity caused by stimulation 
of specific nerves, in this case the ipsilateral 
antagonists, is known as inhibition and will be 
studied in greater detail later Inhibition does 
not simply consist of a lack of reflex activity or 
a capturing of the motor pathways by the in- 
hibiting nerve It will be shown later that the 
inhibiting neurons cause a change in the mem- 
brane potential of the motoneuron tending to 
stabilize the motoneuron against responding 
reflexly 

As one might expect, the stretch reflex can 
be interrupted by section of the dorsal or ven- 
tral roots, by division of the nerve to the mus- 
cle, or by destruction of the related portion of 
the spinal cord The afferent fibers in the 
dorsal roots are large, myelinated, and rapidly 
conducting fibers of the A group The muscle 
fibers upon which the motor fibers end are 
predominantly of the red variety, these partic- 
ular fibers are responsible for maintenance of 
posture, and are more plentifully supplied with 
large diameter motor fibers than are the pale 
fibers of flexor muscles The name, myotatic 
unit, is given to the stretch receptor, afferent 
fiber, reflex connection in the spinal cord, 
motor neuron, and striated muscle fiber 

The principle of reciprocal innervation is 
one of the broad generalizations about spinal 
reflex activity that resulted from Sherrington’s 
early work on excitation and inhibition The 
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Fig 9 57 Reflex response of quadriceps to stretch 
(signalled by fall of table T) At arrow S a stretch 
was applied to semitendinosus followed at arrow B oy 
stretch applied also to biceps The graph shows that 
stretch applied to the opposing muscles the flexors of 
the knee inhibited the reflex response in the extensor 
quadriceps (Creed et al 1932) 


principle states that the flexors and extensor 
reflexes of the same limb cannot be simultane- 
ously active, if a flexor reflex is evoked, the 
extensor is inhibited and vice versa For in- 
stance, the afferent nerves evoking an extensor 
reflex have connections going to the flexor 
motoneurons of the same limb causing them to 
be inhibited (Fig 9 58) When a flexor reflex is 
elicited, its connections on the extensor moto- 
neurons cause the extensor reflexes to be in- 
hibited The extent of inhibition m all such 
cases is proportional to the reflex activity 
taking place so that a primitive form of organi- 
zation is taking place at the segmental level 
and on the limb of one side But at the same 
time the evocation of a reflex on one side 
causes opposite effects on the motoneuron 
pools of the opposite limb Thus, when a flexor 
reflex is obtained on one side of the animal, 
the flexors of the opposite limb are inhibited 
and the extensors are facilitated Two exam- 
ples of such integrated contralateral activity 
are the crossed extensor reflex and Phillipson’s 
reflex The crossed extensor reflex accompa- 
nies a flexion reflex and is obtained by 
pinching the limb of a spinal or decerebrate 
animal (Fig 9 59) The pinched limb with- 
draws but the contralateral limb extends Sim- 
ilarly Phillipson's reflex is obtained from the 
extended limb of a spinal or decerebrate an- 
imal, flexing the limb forcibly produces the 
clasp-knife reflex and causes the opposite limb 
to extend (see Sherrington, 1906) Reciprocal 
innervation is very useful m more elaborate 
activities such as walking where it is obviously 
necessary to have complete synchronization of 
flexor and extensor activity The presence of 
reciprocal innervation ensures that accidental 
evocation of simultaneous reflex antagonist 



Fig 9 58 Inhibition of knee jerk during central stimu- 
lation of a portion of the sciatic nerve Upper tracing is 
record from myograph middle tracing signals period of 
central stimulation bottom tracing is time rn seconds 
(Sherrington 1 906) 
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Fig 9 59 Crossed extensor reflex strength and duration of contraction as strength of stimulus applied to con- 
tralateral cutaneous nerve was increased {tracings A-F Bz is a repeat of stimulus in tracing B] In each instance the 
stimulus was applied in the form of 12 shocks in sec (Sherrington 1906) 


activity does not occur, when one reflex is ac- 
tive, the other is inhibited 

Electrophysiology of Spina! Reflexes 

Sherrington knew that the latent period of 
the flexion reflex depends upon the strength of 
the stimulation, and has a minimal value of 
about 11 msec (Fig 9 60) To measure accu- 
rately the much shorter latencies of the stretch 
reflex required the development of more sensi- 
tive apparatus, including electronic stimula- 
tion and recording Electrical potentials re- 
corded when nerve impulses are carried by the 
ventral roots are referred to as reflex re- 
sponses, as were myographic recordings of ten- 
sion If a nerve containing sensory fibers from 
a muscle is stimulated centrally so that im- 
pulses are sent into the spinal cord, a re- 
cording of activity m the ventral root will show 
two waves having different characteristics and 
latencies (Fig 9 61) An early, large spike lasts 
about 1 msec , followed by a senes of irregular 
discharges lasting for about 10 msec The first 
discharge can be evoked also by a quick 
stretch of an extensor muscle, so that it is the 
electrical counterpart of the stretch reflex The 
later, irregular discharge can be evoked alone 
by stimulation of a sensory nerve from skin, it 
is the electrical counterpart of a flexor reflex 

FIBER TYPES 

Afferent nerves are divided into four cate- 
gories in accordance with their fiber diameter 
and velocity of conduction, as follows Group I, 



Fig 9 60 Relationship between force of reflex 
contraction and latency of the response As strength of a 
stimulus was increased force increased and latency 
became shorter (Creed et al 1932) 

12 to 21 /xm , Group 11, 6 to 12 ixm , Group HI, 
1 to 6 fim , Group IV consisting of C fibers less 
than 1 fxm in diameter Groups I, II, and Ilia 
correspond to fibers in the A category, group 
in corresponds to AA All somatic nerve 
trunks contain the afferent groups II, III, and 
IV Group I, containing the fastest afferent fi- 
bers IS present only in nerves from muscles 
and IS associated with afferents from the 
muscle spindle (group la) and the Golgi tendon 
organ (group IJ 

Motor nerves consist of two groups of fibers 
One group, the a motoneuron innervates the 
striated muscle fiber, is 9 to 13 fim in diam- 
eter and constitutes about 70% of all the effer- 
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Fig 9 61 Dorsal root-ventral root reflex discharges from first sacral segment Records D-F show clearly the 
appearance and increase in the early spike of short latency as strength of the afferent stimulation was increased 
(figures on right of each record) The second later and more irregular waves are also shown (Lloyd 1943a) 


ent fibers , the second group are the 7 efferents, 
3 to 6 pm in diameter and are the efferent 
fibers to the intrafusal muscles of the spindle 

THE MONOSYNAPTIC REFLEX 

A rapid reflex response of short latency is 
elicited by exciting type I sensory fibers This 
latency includes time for conduction through 
the fibers, plus time for excitation across any 
synapse As measured by stimulating a dorsal 
root and recording from the ventral root the 
shortest delay not accounted for by conduction 
in fibers is around 0 5 msec This appears to be 
the delay of a single synapse More precise 
measurement of the synaptic delay may be 
performed by stimulating neurons directly 
within the spinal cord in the region of the 
motoneurons (Fig 9 62) At low stimulus in- 
tensities, interneurons within the cord are 
fired, at higher stimulus strengths the moto- 
neuron itself is excited The difference in time 
between the interneuronal and the motoneuron 
response is a measure of the synaptic delay By 
this direct method, the delay is found also to 
be 0 5 msec It therefore may be concluded 
that the early spike of the reflex discharge 
arises from a reflex arc m which only one syn- 
apse IS present between the afferent and ef- 
ferent neurons; no mternuncial neurons are 
interposed between these. For this reason this 
reflex as recorded in this fashion is referred to 
as monosynaptic reflex 

MULTISYNAPTIC REFLEXES 

The electrical discharge which corresponds 
to the flexor reflex has a longer latency — of the 



Fig 9 62 Measurement of central synaptic delay 
Records are from ventral root of cat after decerebration 
plus section of spinal cord Stimulus (slight downward 
blip in records) was applied by needle electrodes in in- 
termediate grey matter of spinal cord Strength of 
stimulus was strongest for record a weakest for record 
Y First spike represents direct stimulation of motor 
neurons second spike is result of activation via a single 
synapse Inverval between onset of the two spikes mea- 
sures synaptic delay (Renshaw, 1 940) 
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order of 3 to 5 msec It therefore must contain 
more than one synapse, and mternuncial or 
connector neurons interposed between the 
input and output The afferent nerves involved 
in evoking the reflex are members of groups 11, 
m, and IV Assuming that each synaptic delay 
IS about 0 5 msec and that the transit time 
over the short interneuronal axons is negligible 
the number of neurons probably involved in 
the reflex is between 6 and 10 (reflex latency 
per synaptic delay) In this reflex action poten- 
tials continue to appear in the ventral root as 
an after-discharge, which results from per- 
sistent activity over delay pathways between 
the input and the final motoneuron At least 
two basic circuits exist which may give rise to 
an after-discharge (Fig 9 61) One arrange- 
ment of neurons consists of a series of delay 
pathways in parallel without any feedback 
from a subsequent to a preceding neuron This 
is called a multiple chain network A second 
neural configuration consists of a chain of neu- 
rons so arranged that some of the neurons fur- 
ther down in the chain may feedback to earlier 
neurons and re-excite them Such chains are 
called reverberatory networks for they give rise 
to activity which reverberates back to the first 
cells m the chain At present, the relative con- 
tribution of each network to after-discharge in 
multisynaptic reflexes is unknown 

FACILITATION AND TEMPORAL 
SUMMATION 

Spatial summation was attributed to the 
circumstance that two input pathways may 
contain nerve fibers which terminate on the 
same neurons The first or conditioning stim- 
ulus can be applied to the nerve from one head 
of the gastrocnemius muscle, the second or 
test stimulus which is strong enough to evoke 
a reflex is applied to the nerve from the other 
head of the muscle If the two stimuli are ap- 
plied simultaneously, an augmentation of the 
response by as much as 300% may be ob- 
served If, however, the conditioning volley is 
separated from the test volley, it gradually 
loses its effectiveness so that when they are 10 
msec apart the effect has almost disappeared 
It IS clear from these experiments that a condi- 
tioning volley which causes no reflex response 
may give rise to facilitatory effects which may 
last for as long as 10 msec or more This kind 
of residual facilitation can occur m pathways 
where no mternuncials seem to be present 
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as m extensor nuclei of the cord, or the same 
results can be obtained in the flexor nuclei 
How a facilitation independent of mternuncial 
delay networks can occur will be explained later 
m terms of the effects of the afferent volley 
upon the membrane potential of the motoneu- 
ron These experiments raise the question of 
whether temporal summation is possible in the 
nervous system, that is, whether two succes- 
sive stimulations of a single afferent pathway 
can evoke a response greater than the pre- 
dicted sum of the two individual responses The 
question is, does the residual facilitation 
(CES) last longer than the refractory period of 
the afferent pathway*^ The answer seems to be 
that temporal summation cannot occur natu- 
rally, but can be demonstrated when an elec- 
trical stimulus is applied directly to the motor 
neuron (Lorente de No, 1938a and b) In this 
case there is no afferent pathway with a meas- 
urable latency 

ELECTRICAL RESPONSE OF THE MOTOR 
NEURON 

The Excitatory Postsynaptic Potential 
(EPSP). As noted above, Eccles (1953) and 
co-workers inserted finely drawn-out micro- 
electrodes made of glass and filled with KCl or 
NaCl solution into the cell body of motoneu- 
rons of the spinal cord for study of local poten- 
tial changes They found that when the mi- 
croelectrode is inserted, a resting potential of 
about -70 mv is observed, with the interior of 
the cell negative to the outside If the moto- 
neuron IS antidromically excited, i e , by stim- 
ulating its axon, the motoneuron is excited 
without the intervention of the synapse An 
action potential with an overshoot of about 20 
mv appears Thus, antidromic excitation gives 
nse to an action potential in the postsynaptic 
cell, the motoneuron, which is no different in 
its general charactenstics from that obtained 
from squid axon or the muscle fiber 

The events of interest in synaptic excitation, 
however, occur when excitation is delivered 
orthodromically, i e , to the afferent neuron of 
the dorsal root, so that the presynaptic endings 
of this neuron are excited In such experiments 
in which a synapse is present, in recordings 
from the postsynaptic cell an additional poten- 
tial appears which is a sign of synaptic depo- 
larization Figure 9 63 shows the response of 
the motoneuron to a presynaptic volley The 
slow potential which appears just before the 
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Fig 9 63 Intracellular recording of membrane 
potential changes in a flexor motor neuron as a re- 
sult of stimuli of various intensities applied to a sensory 
nerve The upper record of each pair is the membrane 
potential the lower stimulus timing and strength Note 
increase in sweep speed in B to show the synaptic 
potential that anticipates the spike The first three po- 
tential traces show only the synaptic potential with no 
spike (Brock et al 1952) 

action potential is called the excitatory post- 
synaptic potential or EPSP, and is the local, 
electrical sign of the CES of Sherrington It 
consists of a depolarization of the membrane 
which may last for 20 msec and can best be 
seen when the extent of depolarization is in- 
sufficient to give rise to an action potential 
When the membrane potential is decreased to 
a critical value of about -60 mv , a nerve 
impulse IS generated and an action potential 
appears on the EPSP Temporal summation of 
such EPSP IS also possible, if two subliminal 


volleys are sent in over the same nerve, each 
volley produces an effect which is manifested 
by an EPSP The EPSP’s will then sum and if 
the critical level of depolarization is reached, 
an impulse will be set off 

The EPSP is monophasic and nonpropa- 
gated, it represents a depolarization which is 
localized to the soma of the motoneuron It is 
not all-or-none m character since it can be 
augmented simply by increasing the intensity 
of the input volley Moreover, the EPSP’s of 
different inputs can sum on a postsynaptic cell 
to produce a greater depolarization These 
characteristics show that the EPSP is pro- 
duced in a process which is fundamentally dif- 
ferent from that of the action potential, and 
illustrate the fact that EPSP has the proper- 
ties Sherrington attributed to CES Several 
lines of evidence indicate that the EPSP arises 
from a depolarization of the postsynaptic^ 
membrane and an increase in permeability to 
both sodium and potassium ions 
Inhibitory Potentials. If a monosynaptic 
reflex is evoked by stimulation of afferent fi- 
bers (orthodromic excitation), an inhibition of 
the reflex can be produced by stimulating an 
ipsilateral antagonist nerve as described more 
fully m the section on inhibition The effect of 
the inhibitory stimulus is to cause a hyperpo- 
larization of the postsynaptic membrane in a 
direction opposite to that of the EPSP (Fig 
9 64) This hyperpolanzation consequent upon 
an inhibitory stimulus is called the inhibitory 
postsynaptic potential or IPSP It begins to 
develop a bit later than a monosynaptic EPSP, 
but its time course is otherwise the same as 
that of EPSP, of the order of 20 msec , and 
corresponds to the curve of inhibition obtained 
from reflex studies Indeed the IPSP is a mirror 
image of the EPSP in the same motoneuron 
The IPSP causes a hyperpolanzation of the 
membrane and renders it less excitable ac- 
cording to the principles of peripheral neuro- 
physiology Any EPSP which occurs during an 
IPSP will generate currents which will be less 
effective in causing excitation of the cell 

The problem of determining the nature of 
the currents responsible for the IPSP has been 
attacked by using doubled-barrelled microelec- 
trodes for simultaneously passing a current 
and recording the membrane potential Setting 
the membrane potential at -80 mv will cause 
the disappearance of the IPSP The potential 
-80 mv IS the average of that determined by 
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Fig 9 64 Diagram of neuron (C) with excitatory (£) and inhibitory (/) 
membrane potential recorded with microelectrodes (A and B) On these 
or inhibition are labeled EPSP and IPSP respectively {Eccles 1967) 


synapses and with two series of records of 
records the deflections that signal excitation 


potassium (-70) and chloride (-90) suggesting 
^at the IPSP results from an increased flow of 
out and Cl~ m, so that the inside becomes 
more negative Further evidence points to chlo- 
ride as the principal ion involved in producing 
the EPSP The method of electrophoretic in- 
jection has been used to demonstrate this One 
bawel of a double microelectrode is filled with 
1^01 and made negative so that this electrode 
ettectively drives chloride ions into the cell, it 


IS a hyperpolarizing current since it is internally 
negative The other barrel of the electrode re- 
cords the IPSP Under these conditions the in- 
jection of chloride into the cell converts the 
IPSP elicited by a group U afferent volley from 
a hyperpolarization to a depolarization (EPSP) 
The injection of chloride had caused an in- 
creased internal concentration of chloride The 
arrival of the inhibitory stimulus then results 
in an increased permeability to chloride, but 
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because the chloride ionic gradient is now 
opposite to its normal direction, chloride now 
flows out and makes the inside of the cell less 
negative This causes depolarization instead of 
hyperpolanzation A number of anions were 
injected internally and all those which were 
less than a certain hydrated ion diameter 
caused a reversal of the IPSP to an EPSP 
Apparently the inhibitory substance opens 
pores which allow ions below a certain size to 
pass Since chloride is the only anion which 
exists in a high enough concentration to flow 
in during such an inhibition, it is presumed 
that chloride is the main contributor to the 
inhibitory currents which flow 

TYPES OF INHIBITION 

Three kinds of inhibition have been exten- 
sively studied a) postsynaptic, b) presynaptic, 
and c) Renshaw cell or recurrent inhibition A 
fourth type, called indirect inhibition and ex- 
tensively discussed by Sherrington, is now 
considered to be not a type of inhibition per 
se, but rather a form of occlusion 

Sherrington and his associates (Fig 9 65) 
investigated the time course of the inhibitory 
process Using a flexion reflex as the indicator 
and a contralateral stimulus for inhibition, 
they found the central inhibitory process or 
CIS to be maximal when the inhibitory volley 
preceded the excitatory stimulation by about 
80 msec 

Postsynaptic or Direct Inhibition. Each of 
the three types of inhibition has been studied 
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Fifl 9 05 Latent interval for develooment of central 
inhibition Inhibition was created by stimulation of a 
contralateral cutaneous nerve at various intervals before 
ipsilateral stimulation evoked a flexion reflex Inhibition 
was maximal if inhibitory stimulus preceded excitatory 
stimulus by 80 msec Ordinate is percentage of inhibition, 
plotted inversely abscissa is duration of interval between 
the two types of stimuli (Creed et al 1932) 
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m similar experiments, and their time courses 
have been determined b 3 ^ utilizing two sepa- 
rate afferent stimuli that have opposing ac- 
tions upon a given motor neuron pool For 
example, stimulation of U libers m a dorsal 
root will initiate a monosynaptic reflex and 
EPSP on the motor neurons, whereas stimula- 
tion of type II fibers in an ipsilateral cuta- 
neous nerve may inhibit the monosynaptic re- 
flex by creating an IPSP on those same neu- 
rons The presence of the inhibitory process is 
detected by applying both stimuli in a single 
experiment, with variation of the interval be- 
tween them Thus, if the inhibitory stimulus is 
given first by about 0 5 msec , there will be 
maximal inhibition of the subsequent mono- 
synaptic response If the inhibitory stimulus 
follows the test stimulus by 1 msec , the inhi- 
bition arnves too late to block the reflex Uti- 
lizing this technique where the inhibitory stim- 
ulus IS a “conditioning” stimulus (but not as 
Pavlov used the term), the time course of de- 
velopment and persistence of the inhibitory 
process can be revealed (Figs 9 66 and 9 67) It 
IS this evidence that justifies the statement 
above that inhibition and IPSP have the same 
duration The observation that the inhibitory 
stimulus must precede the test stimulus by a 
minimal interval of 0 5 msec is taken to mean 
that the inhibitory pathway involves at least 
one more synapse than the excitatory reflex 
This mterneuron in the inhibitory pathway 
possesses the ability to secrete a substance at 
its terminals which hyperpolanzes the mem- 
brane and leads to an IPSP Thus, a neuron 
which IS normally excitatory to other neurons 
may exert an inhibitory action by the interpo- 
sition of an inhibitory neuron Other mecha- 
nisms which have been proposed include ter- 
minating the neuron on a special region of the 
postsynaptic neuron so that it can have inhibi- 
tory effects on special regions of the postsyn- 
aptic cell 

Postsynaptic inhibition is by definition the 
inhibition that has the characteristics that cor- 
relate with genesis and persistence of the IPSP 
as recorded using a microelectrode inserted 
into a motor neuron It is very susceptible to 
strychnine injection which can completely 
abolish it This effect of strychnine is the basis 
for the explanation of its convulsant activity — 
All postsynaptic inhibition having been re- 
moved, the slightest stimulus causes a tre- 
mendous extensor response 




Fig 9 66 Inhibition of two neuron reflex to gastrocnemius induced by weak afferent volleys in deep peroneal nerve 
The height of the spike signals the strength of the reflex the interval between the two blips at the left of each record 
shows that there was variation in the time between the two stimulations As this interval was lengthened the strength 
of the response was at first inhibited then recovered its initial voltage (Lloyd 1946) 



Fig 9 67 Strength of inhibited response relative to 
control plotted against interval between two stimuli The 
shortness of the latency for maximal inhibition cannot be 
fully accounted for Data from Lloyd 1946 

Presynaptic Inhibition Early in the 
studies of the electrical responses evoked by 
reflex action, electrodes were placed on the 
surface of the spinal cord or on dorsal roots 
and large potentials which were positive to 
distant regions, called P waves were recorded 
It was suspected that this positivity might be 


the sign of some inhibitory presynaptic ac- 
tivity going on in the afferent terminals in the 
spinal cord To demonstrate presynaptic inhi- 
bition, a reflex response is elicited in extensor 
motoneurons This reflex will be inhibited if it 
is preceded by stimuli from any nerve entering 
the cord Group Ig and I5 fibers are most effec- 
tive in causing the inhibition but groups II and 
III will also serve The time course of such an 
inhibition is shown in Figure 9 68 Unlike post- 
synaptic inhibition, maximum presynaptic 
inhibition is observed when the inhibitory 
stimulus precedes the excitatoiy by about 20 
msec The inhibition may endure for as long as 
200 to 3(X) msec and is extremely resistant to 
strychnine 

Several lines of evidence indicate that this 
inhibition is presynaptic Recording within the 
motoneuron at the time that inhibition is pro- 
duced shows no changes in the membrane po- 
tential, neither a hyperpolarization or a depo- 
larization is produced by an inhibitory volley 
Instead, the magnitude of the EPSP which is 
set up by the reflex volley is diminished by the 
inhibitory stimulus and the change in magni- 
tude of the EPSP parallels the curve of inhibi- 
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Fig 9 68 Presynaptic inhibition as a function of interval between inhibitory and the stimulating volleys A~D show 
time relations of volleys presynaptic inhibition is disclosed as variability m height of EPSP in lower of each pair of 
records 


tion (Fig 9 68) The usual explanation for 
these observations is that the inhibition is due 
to some interaction at the terminals of the two 
groups of afferent fibers Activity in the inhibi- 
tory terminals apparently prevents activity in 
the excitatory endings A presynaptic depolari- 
zation may affect the amount of transmitter 
released from the presynaptic terminals Since 
long delays are involved in presynaptic inhibi- 
tion, many interneurons are interposed be- 
tween the first and last neurons of the chain 
Renshaw Ceil Inhibition. In 1941 Renshaw 
discovered that an electrical stimulus applied 
to motor axons and carried by them back into 
the ventral grey column causes an inhibition of 
all types of motoneurons at the segmental 
level This type of inhibition has therefore 
been called antidromic because the inhibition 
IS evoked by “backwards” conduction via the 
motor roots into the spinal cord When such 
antidromic excitation is used, an after- dis- 
charge of quite high frequency is present in the 
recording from the ventral root Microelec- 
trode recording has shown that the discharge 
does not originate in the motoneuron but m 
neighboring cells near the motoneuron — in 
cells which discharge with a high frequency 
when the antidromic excitation occurs At the 


same time the motoneuron is inhibited These 
neighboring cells are therefore believed to 
cause the inhibition The motoneuron displays 
a hyperpolanzation which has all the charac- 
teristics of an inhibitory postsynaptic potential 
and the IPSP lasts for the period of time (Fig 
9 69) corresponding to the discharge in the 
neighboring interneurons (known as Renshaw 
cells) An anatomical pathway has been sug- 
gested to explain these results (Fig 9 70) The 
motoneuron gives off a collateral to the Ren- 
shaw cells, the Renshaw cell axon returns to 
the motoneuron and inhibits it 

The repetitive discharge of the Renshaw cell 
IS presumed to be caused by an accumulation 
of acetylcholine at the junction between the 
motoneuron collateral fiber and the Renshaw 
cell It has been shown, for example, that the 
discharge of the Renshaw cell may be pro- 
longed by anticholinesterases which allow ace- 
tylcholine to accumulate It is also possible to 
inhibit the discharge with /3-dihydroery- 
throidine, a substance which blocks the action 
of acetylcholine The functional significance of 
this pathway is not clear It appears to serve as 
a general synaptic inhibitor and may act to 
limit the frequencies of impulses going to the 
motor end-plate 
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Fig 9 69 Time course for development of inhibition 
of the Renshaw type when antidromic stimulation of a 
motor neuron s axon precedes excitation via a dorsal 
root or sensory nerve (Renshaw 1 940) 


ELECTRICAL AND CHEMICAL 
TRANSMISSION 

As noted earlier, events at a synapse may be 
interpreted according to either a chemical or 
electrical theory of synaptic transmission The 
chemical theory of transmission attributes the 
response of the postsynaptic cell to a chemical 
substance (transmitter) released from the pre- 
synaptic nerve terminals (Table 9 5) The elec- 
trical mechanism of transmission presupposes 
the activation of postsynaptic neurons by elec- 
trical currents flowing out from the presyn- 
aptic terminals into the postsynaptic cell 
Examples of each of these types of transmis- 
sion may be found in various kinds of synapses 
among vertebrates and invertebrates It may 
be stated, however, that no evidence of elec- 
trical transmission at mammalian synapses 
has as yet been obtained 

The chemical mechanism of transmitter re- 
lease and action has been presented in section 
1 , chapter 3, and is summarized in Figure 9 48 
7 -Aminobutyric acid is the compound most 
often considered as a possible inhibitory trans- 
mitter (Mitchell and Srmivasan, 1969, Curtis 
et al , 1970) 


Tlie JuL-'SCd's snc 

From the ultimate control process in skeletal 
muscle, (the release of calcium ions from the 
inner surface of the sarcolemma membrane), 
the origin of this control has been traced back 
along the course of the axons that originate in 
the spinal cord (Fig 9 71) In the cord the in- 
teraction of neurons has been considered, and 
the influence of two classes of afferent fibers 
has been described These are the I^ fibers 
from muscle that activate monosynaptic re- 
flexes, and the types II, III, and IV fibers that 
provoke the flexion reflex Because the la fibers 
originate in muscle and are capable of evoking 
a stretch reflex, they function as the afferent 
component of the segmental control system for 
muscle It IS necessary, therefore, to consider 
where they come from and what are the prop- 
erties of the receptor or detector element they 
innervate (see Barker, 1962) It turns out that 
the detector element, itself, has a motor inner- 
vation different from that of the more typical 
muscle cells, and that this second or gamma 
( 7 ) innervation is a significant determinant of 
the sensitivity of the detector elements How 
the reflexes so established are integrated into 
attitudes of posture and into locomotion will 
be described in the succeeding chapter 

When the position of the body is displaced 
backwards as in swaying, the extensor muscles 
of the leg such as the quadriceps are stretched 
As a consequence, the stretch reflex is called 
into play and the extensor muscles shorten to 
fix the joint The receptors involved in such a 
postural adjustment are the annulospiral end- 
ings of the muscle spindle, endings which are 
also responsible for the phasic and tonic com- 
ponents of the myotatic reflex 



Fig 9 70 Diagram to illustrate recurrent or Renshaw 
type of inhibition MA/ is a motor neuron with a recurrent 
branch to the inhibitory or Renshaw cell 
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Table 9 5 

Distribution of presumed chemical transmitters in the central nervous system 



Norepinephrine 

Dopamine 

Serotonin 


Pg Igm 

Pg Igm 

Pg Igm 

Cerebral cortex 

0 03-0 24 

0 00-0 10 

0 04-0 24 

Caudate nucleus 

0 04-0 22 

3 1-8 0 

0 27-1 6 

Corpus striatum 

0 02-0 25 

16-5 3 

0 08-0 23 

Olfactory bulb 

0 05 


0 11-0 35 

Hippocampus 

0 14-0 20 

0 13 

0 64 

Septum 

0 03 

0 04 

0 03-1 5 

Hypothalamus 

0 76-2 05 

0 26-0 75 

1 70-2 0 

Diencephalon less 

0 17-0 37 

0 09-0 16 


hypothalamus 




Thalamus 

0 13-0 24 

0 01-0 07 

0 22-0 24 

Mesencephalon 



10-17 

Inferior and superior 

0 11-0 16 

0 10-0 13 


colliculi 




Substantia nigra 

0 04 

0 40 

1-4 

Red nucleus 

0 22 

0 19 


Brainstem reticular 

0 35 



formation 




Cerebellum 

0 06-0 17 

0 03-0 02 

0 27 

Pons 

0 04-0 41 

0-0 11 

0 19-0 70 

Medulla 

0 37-0 72 

0 13 

0 63-1 20 

Area postrema 

1 04 


0 26 

Cerebral white matter 

0 

0 42 

0-0 13 

Ant horn — spinal cord 

0 18 



(Sup cervical ganglion) 

68 




Data collated by Kety, 1967, p 495 m Quarton et al , 1967 


TYPES OF ENDINGS AND FIBERS 

A muscle spindle (Fig 9 72) contains both 
sensory and motor elements The motor parts 
are composed of two types of muscle fibers, 
mtrafusal in location, having their nuclei cen- 
trally collected in the case of the nuclear 
“bag” fibers, or longitudinally distributed in 
the nuclear “chain” fibers Both are innervated 
by y motor fibers, designated as 71 and 72, 
respectively, and believed to serve different 
functions (Matthews, 1964) The primary sen- 
sory role of the spindle is subserved by nerve 
endings within the nuclear bag These nerve 
fibers are afferent type Ig; they are larger than 
12 fim in diameter and have conduction veloc- 
ities of more than 90 m /sec Another, sec- 
ondary group of afferents originates outside 
the nuclear bag in the myotube region, these 
endings are flower spray m type and their 
nerves are in group 11 (Fig 9 73) Their func- 


tion IS not clear, inasmuch as stimulation of 
this group of fibers apparently does not evoke 
a stretch reflex in extensor muscles Matthews 
has suggested that the primary endings are 
responsible for dynamic as well as static sig- 
nals, that IS, for detection of stretch and rate 
of stretch, as well as for length of the muscle 
The secondary endings are believed to be sen- 
sitive in a static sense to length 

Muscle spindles are attached at each end 
either to a tendon, to other spindles, or to ex- 
trafusal muscle fibers They are said to lie “in 
parallel” with extrafusal fibers because short- 
ening of the latter relieves tension on the spin- 
dles Conversely, the stretching of a muscle 
lengthens the extrafusal fibers and exerts ten- 
sion on the spindles This may be an oversim- 
plification, in that when the end of a spindle 
attaches to an extrafusal fiber the spindle ac- 
quires a “series” relationship to that fiber, at 
least These relationships are further compli- 
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Fig 9 71 Diagram illustrating the interconnections 
that occur at a typical level of the spinal cord The flexor 
motor neuron [left] and extensor motor neuron {right) are 
intended to represent cells of two neuron pools Inhibi- 
tory neurons are in black and are labeled 7 1) Connec- 

tions of two-neuron arc extensor 2) Multisynaptic path- 
way with inhibitory connector neuron 3) Pathway of 
Renshaw type of inhibition 4) Crossed and uncrossed 
input from other levels 5) Corticospinal pathway in pri- 
mates It comes directly from motor cortex 6) Second 
order neuron of sensory pathway ascending to higher 
levels Bodtan cited from Quarton et al 1967 

cated by the activity of the intrafusal muscle 
fibers, to be described shortly 

The Golgi tendon organ arises from the 
tendon of the muscle and is anatomically in 
series with the muscle When the muscle is 
stretched, the Golgi tendon organ is stretched 
and stimulated and when the muscle con- 
tracts, the Golgi tendon organ is likewise 
stretched and stimulated The Golgi organ 
gives rise to afferent fibers which are classified 
as Ib with a modal velocity of about 80 m /sec , 
somewhat slower than the la group The extent 
of stretch necessary to evoke a response from 
the Golgi tendon organ is greater than for the 
annulospiral ending 

Gamma Efferent System The function of 
muscle spindles has become more difficult to 
describe with discovery of progressively more 
details of organization of the intrafusal mecha- 
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Fig 9 72 Drawing of structure and innervation of a 
muscle spindle (Boyd 1962) 
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Fsg 9 73 Diagram showing two types of ending pri 
mary and secondary on each of two types of fibers nu- 
clear bag and nuclear chain Motor innervation is also 
shown (Matthews 1964) 

msms Not only is there the possibility that 
the primary ending is in parallel with most 
extrafusal fibers and in series with others, but 
as Fig 9 72 shows it is m parallel with the in- 
trafusal fibers innervated by the 72 neuron, 
and m series with the element innervated by 71 
These same relationships apply also to the 
secondary ending Consequently, it hardly 
seems adequate to describe the spindle as a 
detector that yields a negative feedback to the 
motor mechanisms of the spinal cord and 
merely inhibits any change m length of the 
muscle They do, of course, produce a negative 
feedback, but it has no simple relationship to 
the length of the muscle Perhaps the clearest 
way to explain the function of the intrafusal 
fibers of the mechanism is to assume that their 
contraction serves to control the sensitivity of 
the detector elements In doing this the intra- 
fusal fibers partially isolate the sensory compo- 
nents from changes in the mam or extrafusal 
fibers of the muscle Thus, contraction of a 
nuclear bag fiber may elongate the primary 
ending even though the muscle as a whole has 
shortened (Fig 9 74) With naturally occurring 
movement of the whole muscle this control of 
intrinsic tension permits the spindles to pre- 
serve sensitivity no matter whether the extra- 
fusal fibers are short or long In this way the 
spindle may be able to signal change in the 
muscle under any condition of length or ten- 
sion Nevertheless, the fact that relationships 
are in senes as well as in parallel, and that in- 
trinsic contractile elements have both types of 
relationship, further multiplies the possibilities 
of diversified function 

The anatomical difference between the pri- 
mary annulospiral and Golgi tendon organ is 
paralleled by a similar difference in their re- 
flex responses to stretch When the annulo- 


spiral endings are m parallel with the extrafusal 
fibers, if a muscle containing such an ending is 
stretched, the annulospinal endings respond 
with an afferent volley in the la fibers, and a 
reflex myotatic discharge occurs m the ex- 
tensor muscle These endings respond only to 
stretch and cease firing when the muscle 
shortens or relaxes On the other hand, the 
Golgi tendon organ responds to either contrac- 
tion or extension of muscle However, it is 
necessary to stretch muscles considerably be- 
fore any effective discharge occurs The reflex 
response in which the Golgi tendon organ is 
involved is called the inverse myotatic reflex 
or clasp-knife reflex If the extended limb of a 
decerebrate animal is flexed forcibly, consider- 
able resistance is met until at a certain exten- 
sion the limb suddently gives way to the force 
The stretch of the extensor muscles beyond 
their normal position as a result of the forcible 
flexion activates the Golgi tendon organs and 
inhibits the extensor reflexes This type of in- 
hibition IS called autogenic since it arises from 
the very muscle from which the reflex itself 
was obtained 

The properties of the muscle spindle that 
are significant for the maintenance of a fixed 
length of muscle are the following a) A passive 
stretch of the muscle and its spindles causes 
the primary endings to discharge and send 
impulses to the cord over group la fibers The 
discharge rate is high at the beginning of the 
stretch but falls off to reach a steady main- 
tained, tonic rate of discharge from both pri- 
mary and secondary endings The frequency of 
discharge of the spindle in the steady state is 
proportional to the extent to which the muscle 
has been stretched h) Adaptation of the 
spindle discharge is slight The tonic discharge 
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Fig 9 74 Discharge of sensory unit in muscle spindle 
(records >4 and a) as a result of tension in the intrinsic 
motor fibers accompanying voluntary contraction of the 
muscle Record C is force of muscle contraction D is 
electromyogram Data of A B Vallbo cited by Granit 
1970 p 169 



9-86 


Section 9 


continues indefinitely as long as the muscle is 
kept stretched c) Contraction of the muscle 
(shortening of the muscle fibers) causes cessa- 
tion of firing Shortening releases the spindle 
from the tension caused by extension, and the 
spindle IS no longer mechanically excited This 
experimental finding demonstrates that the 
spindles are functionally in parallel with the 
ext refusal muscle fibers d) Contraction of the 
intrafusal fibers of the motor spindle results in 
an acceleration of the discharge from the 
spindle By stimulating the intrafusal fiber, 
the annulospirai endings are placed under 
stress and the endings are stimulated Con- 
traction of the intrafusal fibers is equivalent to 
taking up the slack on the intrafusal fibers and 
placing the annulospirai endings under some 
degree of tension It is therefore the same 
effectively as passively stretching the muscle 
All these properties are important when the 
spindle acts as part of the reflex arc control- 
ling the length and tension of a skeletal 
muscle 

The 7 efferent system presumably is in- 
volved also in the more rapid shortening of 
muscle such as occurs during voluntary move- 
ment Such movement can occur theoretically 
m either of two ways — a direct activation of 
the motoneuron via the corticospinal pathway, 
or excitation of the motoneuron indirectly 
through the y efferent system (Granit, 1970) 
The 7 efferents might be activated by de- 
scending fibers from the reticular formation 
Such stimulation would cause shortening of 
the intrafusal fibers, stretching of the annulo- 
spiral endings, and an immediate spindle dis- 
charge This discharge would then elicit a 
phasic reflex response of the extensor moto- 
neuron Thus, a rapid voluntary movement 
might be evoked by intrafusal excitation This 
latter mechanism has been a subject for specu- 
lation for some years There is at least some 
evidence, however, that the y system is not a 
necessary part of the voluntary control of skel- 
etal muscle (Evarts, 1967) 

THE KNEE AND ANKLE JERKS 

A sharp tap upon the patellar tendon, when 
the knee joint is semiflexed, stretches the 
quadriceps extensor muscle and causes it to 
contract Similarly a blow upon the ten do 
Achillis causes a quick contraction of the calf 


muscles These brief contractions or jerks, as 
well as those described below for the upper 
limb, are “fractional examples of the stretch 
reflex” and are not due to stimulation of the 
tendon but to stretching of the muscle, a 
stretch of 0 05 mm or less in Viq sec , sufficient 
to elicit the response A voluntary action, such 
as clasping the hands together, reinforces the 
reflex and increases the force of the jerk The 
spinal center for the knee jerk in the human 
subject lies in the 2nd, 3rd, and 4th lumbar 
segments of the cord, it is innervated through 
the anterior crural nerve The center for the 
ankle jerk is situated m the 1st sacral segment, 
the peripheral nerve is the sciatic 
Any condition, such as decerebration or in- 
jury to the descending motor pathways, which 
enhances the stretch reflexes increases the 
tendon jerks ^ They are abolished by an injury 
or disease involving the efferent or afferent 
limb of the reflex arc or the center itself (an- 
terior horn cells) On account of its brief 
twitchlike character the knee jerk is sometimes 
spoken of as the “phasic reaction” of the 
stretch reflex The knee jerk is less affected by 
abnormal states, e g , spinal transection, anes- 
thetics, circulatory failures, etc , than are the 
postural reactions In an animal such as the 
dog or rabbit, the knee jerk returns in a few 
minutes after spinal transection, in the 
monkey only after some days In man, though 
postural reflex activity is entirely lost and the 
muscles are quite flaccid, the knee jerk is 
elicitable in some degree within 3 weeks after 
a complete transverse lesion of the spinal cord 
The smooth and steady character of the con- 
tractions brought about through the stretch 
reflexes concerned with the maintenance of 
posture IS due to the asynchronous sensory 
impulses set up by the numerous stretch re- 
ceptors and the resulting asynchronous reflex 
discharge of motor impulses to the muscles 
The muscle fibers are, therefore, never all re- 


' When the electrical responses are recorded from 
the muscle of an animal dunng the elicitation of a 
tendon jerk, cessation of the action currents is found 
to occur during the actual contraction of the muscle 
This, the so-called "^silent period^" is probably due 
to the muscle spindles being relieved of stretch as 
the muscle shortens An additional factor is the syn- 
chronous nature of the discharge down the motoneu- 
rons, for the latter, being all excited in unison, pass 
also simultaneously into the subnormal phase 
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laxed nor all contracted at the same time 
The sharp contraction of the quadriceps char- 
acteristic of the knee jerk, on the contrary, is 
brought about by the discharge of a volley of 
synchronous impulses which causes the fibers 
of the muscle to contract m unison 
Clonus Under certain conditions a muscle 
or group of muscles instead of contracting 
smoothly and continuously may do so rhyth- 
mically in a series of rapidly repeated move- 
ments or jerks Thus, in lesions of the central 
nervous system associated with hypertonus, 
sharp passive dorsiflexion at the ankle joint 
with mamtenance of the foot in the dorsiflexed 
position by light pressure upon the sole, evokes 
a stretch reflex which consists of a series of 
rhythmical contractions of the stretched mus- 
cles (ankle clonus) The sudden dorsiflexion 
causes a sufficient number of stretch receptors 
to discharge a synchronous volley of impulses 
along the afferent nerve to the spinal centers 
and a synchronous efferent volley to be dis- 
charged to the muscles The continued stretch 
of the muscle caused by keeping the ankle in 
the dorsiflexed position sets up another syn- 
chronous volley as soon as the motoneurons 
have recovered each time from the subnormal 
phase of the preceding one Thus, the clonic 
movements continue so long as the muscles 
are kept upon the stretch Clonus can be 
evoked in a similar fashion in other situations 
It seems convenient to regard all such 
rhythmic activity as arising from feedback 
loops that oscillate because their normal 
damping mechanisms are not working prop- 
erly (see also p 9-113) 
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SOME OTHER STRETCH REFLEXES (DEEP 
OR TENDON REFLEXES) OF CLINICAL 
IMPORTANCE 

The jaw jerk Tapping the chin with the 
mouth partly open, and jaw supported, 
stretches the masseters which contract and 
jerk the jaw The reflex center is in the pons ^ 

The biceps jerk is elicited by a sharp tap 
upon the biceps tendon in front of the elbow 
joint, the response consists of a quick contrac- 
tion of the biceps with flexion of the elbow 
The center for the reflex is situated in the 5th 
and 6th cervical segments of the cord, it is 
innervated through the musculocutaneous 
nerve 

The triceps jerk is evoked by a blow upon 
the triceps muscle just above the olecranon 
process of the ulna, contraction of the muscle 
and extension of the elbow result The center 
for the response lies m the 6th and 7th cervical 
segments, the peripheral nerve is the muscu- 
lospiral (radial) 

The supinator jerk consists of contraction of 
the supinator muscle and flexion of the elbow, 
it follows a blow upon the styloid process of 
the radius The center lies in the 5th and 6th 
cervical segments of the cord, the peripheral 
nerve is the musculospiral 

Rossohmo’s reflex, which is seen with hyper- 
activity of the stretch reflexes in the lower ex- 
tremity, consists of flexion of the toes, in- 
cluding the hallux, when the toes are flicked 
on their plantar surfaces A similar response 
(Hoffmann’s reflex) which consists of a sudden 
flexion of the terminal phalanx of the thumb 
can be evoked by flicbng the finger tips 



^/SUBCORTICAL MECHANISMS 
CONTROLLING POSTURE AND 
LOCOMOTION 


CORTICAL VS SUBCORTICAL 
MECHANISMS 

Neural mechanisms controlling movements 
of the body are extremely complex and as yet 
incompletely understood “Voluntary” 
movements^ are dependent in primates (mon- 
keys, apes, and man) upon the precentral 
motor cortex The same is not true for lower 
animals Birds and reptiles have practically no 
cerebral cortex (Ariens Kappers, 1929), and 
their well-organized movements are controlled 
by nuclear masses more or less comparable to 
the basal ganglia of the primate brain In higher 
animal forms such as rodents the cerebral 
cortex is present but of relatively little impor- 
tance so far as muscular activity is concerned 
In the carnivores, eg, cat and dog, a special- 
ized portion of the cerebral cortex that lies 
quite far forward (the sigmoid gyrus) functions 
as a motor cortex If it is stimulated electri- 
cally, movements can be produced in the con- 
tralateral extremities, and if the sigmoid gyrus 
is removed a transitory contralateral paralysis 
ensues However, the cerebral cortex is not 
essential for useful movement of the skeletal 
musculature It can be removed from both 
sides with only a temporary paralysis, the ani- 
mal will recover the ability to sit, stand, walk, 
or run (Bard and Macht, 1958) In primates 
the situation is quite different Here the cere- 
bral cortex is much more important even 
though there exists a considerable difference 
between the various animals If one removes 
the precentral motor cortex, i e , the gyrus 
ahead of the central sulcus, or even the entire 
cortex from one cerebral hemisphere in a mon- 
key, a complete paralysis of the opposite side 
of the face and of the opposite arm and leg will 
result Useful movement will soon begin to 

^ A “voluntary*' movement is one that 1 believe I 
could make if I wanted to 


return and in a few weeks the animal will be 
running about climbing the walls of his cage 
and hopping about on his trapeze in an agile 
fashion, although a partial paralysis of the in- 
volved arm and leg will be obvious The ape, 
too, will recover, though not so completely as 
the monkey, whereas removal of the precentral 
motor cortex in man will result m a contralat- 
eral paralysis which, though it will improve, 
will always be severely disabling After such an 
operation a man will become able to walk, al- 
though with a limping gait dragging and cir- 
cumducting his leg He will never recover 
useful movement in his upper extremity and 
will probably have no movement at all in his 
hand and fingers 

The recovery in primates following removal 
of the precentral motor cortex is due almost 
entirely to ipsilateral innervation from the in- 
tact cerebral hemisphere, for if the remaining 
precentral motor cortex is removed a severe 
and enduring paralysis m all four extremities 
is the immediate result It is true that if the 
cortex IS removed piecemeal m several opera- 
tions over months of time and if the animal is 
given very special care occasionally it is pos- 
sible to produce a bilaterally decorticate 
monkey that is able to make a few awkward 
but very limited voluntary movements At best 
such an animal is almost completely disabled 
In most instances he is totally paralyzed ex- 
cept for a few useless sterotyped grasping 
movements In view of the demonstrably 
greater importance of the ‘ precentral motor 
cortex m man as compared with the motor 
cortex of cats it is obvious that in the human 
being the production of useful voluntary move- 
ments IS dependent upon this important area 
of the cerebral cortex It is likewise evident 
that the subcortical centers (basal ganglia, red 
nucleus, substantia nigra, reticular formation, 
cerebellum, and spinal cord) are important in 
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the production of well-coordinated, useful 
muscular activity, but m man these centers 
cannot function adequately m the absence of 
the precentral motor cortex 

CORTICAL PROJECTIONS 
TO LOWER MECHANISMS 

The precentral motor cortex gives rise to 
corticospinal fibers which arise from the pre- 
central gyrus and descend to the anterior gray 
horns of the spinal cord (Fig 9 75) These fi- 
bers are concerned with voluntary muscular 
activity and primarily with delicate, precise, 
well-coordinated movements of the distal parts 
of the extremities, particularly the digits The 
relationship of the corticospinal fibers which 
arise in the parietal cortex to voluntary mus- 
cular activity is unknown It is certain, how- 



Fig 9 75 Diagram illustrating the clinical signs that 
follow typical lesions of the central nervous system 1) 
Lesion of cerebral cortex causes monoplegia or hemi- 
plegia depending upon its extent 2) Lesion in internal 
capsule may cause hemiplegia 3) Lesion of midbrain 
may involve descending motor fibers to opposite side of 
body and an ipsilateral eye muscle nucleus 4} or 6) 
Lesion in pons or medulla has results similar to location 
3 but involving other cranial nerves 6) Transection of 
spinal cord causes paraplegia 


ever, that this parietal component of the corti- 
cospinal system is not capable of producing 
useful coordinated movements independent of 
the precentral motor cortex 

The precentral motor cortex gives rise also 
to many other descending fibers with motor 
functions There are fibers to the basal ganglia, 
thalamus, red nucleus, substantia nigra, the 
pontine nuclei, the inferior olivary complex 
and the reticular formation These, too, are 
concerned with the production of voluntary 
muscular activity In the absence of the corti- 
cospinal tract such movement is apt to be 
cruder and less delicate but still useful Ex- 
actly which of these many fiber systems— cort- 
icocaudate, corticopallidal, corticonigral, corti- 
copontine, etc — is concerned in the produc- 
tion of voluntary muscular activity is un- 
known 

These neural mechanisms are also concerned 
with other functions of great importance m the 
organization of muscular activity These in- 
clude the control by inhibition and facilitation 
of 1) the various postural reflexes, 2) of various 
automatic and associated movements, such as 
swinging of the arms when walking, and 3) of 
various visceral and vasomotor activities such 
as respiratory movements, blood pressure, 
pulse rate, the vascular bed, gastrointestinal 
motility, etc , that accompany movements of 
other parts of the body 

MECHANISIVIS OF POSTURE 

Tone of Skeletal Muscle 

As a result chiefly of the work of the Sher- 
rington school the word “tone” or “tonus” as 
applied to skeletal muscle acquired a specific, 
technical meaning Muscle tone is the steady 
reflex contraction of the muscles concerned m 
maintaining the posture characteristic of a 
given animal species Tonus has its basis in 
the stretch reflexes, and in a standing animal 
its seat is therefore mainly in the antigravity 
muscles In most mammals these are extensor 
muscles, the muscles that show an exaggera- 
tion of tone following decerebration 

In man the antigravity muscles and conse- 
quently those which exhibit the greatest degree 
of tone are the retractors of the neck, the ele- 
vators of the jaw (masseters), the supraspina- 
tus, the extensors of the back, the ventral 
muscles of the abdominal wall (probably), and 
the extensors of the knee and ankle (vastocm- 
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reus, gastrocnemius, and soleus) When these 
muscles are completely relaxed, as m an un- 
conscious person, the body collapses In the 
healthy conscious person, stretch reflexes are 
largely instrumental in preventing this occur- 
rence 

Though the fundamental basis of tonus in 
voluntary muscle is the myotatic reflex cen- 
tered m the spinal cord, the tonic state is in- 
fluenced profoundly by higher centers Im- 
pulses from labyrinthine and neck muscle re- 
ceptors exert an influence upon a background 
of tonus established through lower spinal cen- 
ters Similarly, pathways from cerebellar, 
midbram, and cerebral neurons convey im- 
pulses which, impinging upon the final 
common path, are capable of altering the de- 
gree of tonus, or effecting finer adjustments in 
the tonic state and of maintaining its normal 
distribution between groups of muscles (Fig 
9 82, p 9-108) The tone of a given group of 
muscles may also be influenced through the 
spinal centers by impulses arising in other 
muscle groups (e g , neck muscles and the 
muscles of the digits, ankle, and wrist, as in 
the positive supporting reaction) and m skin 
receptors 

When the spinal cord is separated from 
higher centers there is an a-reflexic state of 
muscular flaccidity Gradually this gives way 
to a state of hyperrefiexia The extensor tone, 
however, never is as pronounced as in decere- 
brate rigidity, whereas the flexor reflexes are 
more active 

A feature of tonic contraction is its economy 
in the expenditure of energy Posture is main- 
tained for long periods with little or no evi- 
dence of fatigue Examples are found in decer- 
ebrate rigidity, in the maintained closure of 
the jaws, standing or sitting in the normal per- 
son, and m the clasping reflex of the frog The 
economy of energy is possible because different 
groups of muscle fibers contract in relays, only 
a proportion of the total number of fiber 
groups of the muscle being active at any mo- 
ment Thus, active fiber groups mingled with 
inactive groups are scattered throughout the 
muscle The alternating periods of rest and 
activity of the muscle groups explains the 
ability of the tonic contraction to be main- 
tained for so long without showing fatigue 

RED AND WHITE MUSCLE 

The skeletal muscles of many animals, e g , 
birds, rabbit, cat, etc , can be clearly divided 


into two types, a) red or dark, and b) white or 
pale (Creed et al , 1932) Of the two, the red 
muscles are composed of smaller fibers having 
a granular and more opaque appearance, pos- 
sessing more distinct longitudinal stnations 
but less pronounced cross stnations, and con- 
taining a larger proportion of sarcoplasm 
These fibers contract more slowly, fatigue less 
readily, and are tentanized at a slower rate of 
stimulation than are the pale fibers The white 
or pale fibers are translucent, show prominent 
cross stnations and a small quantity of sarco- 
plasm Those muscles which execute rapid 
movements are usually, though not invariably, 
of the pale variety, whereas the slower move- 
ments are carried out chiefly by the dark mus- 
cles It is probable that all muscles are a mix- 
ture of the two types of fiber, but that m some 
the red, m others the pale type, predominates 

Experimental Preparations 
for Study of Posture 

THE SPINAL STATE 

Transection of the cord produces an imme- 
diate flaccid paralysis of the muscles below the 
point of section Immediately after section m 
the lower cervical region the limbs hang 
limply, the muscles being quite toneless The 
stretch reflexes and other extensor responses 
cannot be elicited and the knee jerk is abol- 
ished The blood pressure falls and vascular 
and visceral reflexes are unobtainable This 
condition is called spinal shock Its duration 
varies from species to species The higher the 
position of the animal in the phylogenetic 
scale the more profound is the shock and the 
slower is the recovery In the frog the duration 
of spinal shock is brief, a few seconds In the 
rabbit, the knee jerk returns within a few min- 
utes, in the cat within an hour, and in the dog 
somewhat more slowly In the monkey it does 
not reappear for several days Other extensor 
reflexes remain in abeyance for a much longer 
time In the cat and dog the picture immedi- 
ately following spinal transection is different 
from that seen after decerebration The ex- 
tensor stretch reflexes are less active while the 
flexor responses to nociceptive stimuli are 
more easily elicited Consequently, if the 
spinal cord of a decerebrate preparation is sec- 
tioned, the exaggerated extensor tone is re- 
placed (below the section) by an imbalance m 
the sense of increased flexor tone 

Spinal shock also follows section through the 
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medulla below the vestibular nuclei (decapi- 
tate preparation) 

In the cat and dog recovery from spinal 
shock gradually takes place in a few days The 
blood pressure is restored to normal and the 
vascular reflexes can again be obtained The 
reactions of the extensor muscles return, and 
the animal is able, though imperfectly and 
very briefly to support the weight of the body 
when placed upon its feet (They cannot 
“stand” as does a normal animal, of course, 
because spinal motor mechanisms are cut off 
from those in the brainstem that are required 
for postural adjustments See below ) 

Cats, dogs, and rats that have recovered 
from spinal shock exhibit neural reactions that 
provide information about the function of 
spinal mechanisms For example, they eat 
normally, and digestion is not impaired Defe- 
cation is at first seemingly uncontrolled, with 
diarrhea and/or constipation, but later ac- 
quires a reflex character with stools that are 
formed normally Urination has a similar 
course, with first of all a retention of urine m 
the bladder that can be relieved only by artifi- 
cial means such as catheterization or manual 
expression After a few days, however, the 
bladder empties periodically on a reflex basis 

Spinal animals also exhibit reflex perform- 
ance that is surprisingly complex Two notable 
examples are the rhythmic movements of the 
scratch reflex — an mtersegmental reflex in 
which the hind leg moves rhythmically in re- 
sponse to stimulation of the skin over the 
shoulder — and stepping or the “mark time” 
reflex, in which the two hind limbs alternately 
extend and flex in movements like those that 
produce locomotion 

Explanation of Spinal Shock. Spinal shock 
IS attributed to the removal of impulses which 
in the intact animal descend from higher cen- 
ters to reinforce the spinal centers That it is 
due to this and not simply to an inhibitory ef- 
fect of the local injury itself seems clear from 
the fact that after an animal has recovered 
from spinal shock, a second transection made 
behind (lower than the original one) does not 
cause a return of the shock state In the cat 
and dog the flexor reflexes are evidently de- 
pendent only to a minor extent upon the 
higher centers, since they are capable of being 
executed by the spinal centers alone They are 
also seen in their most exaggerated form m 
animals or human beings with a complete 
transection of the spinal cord The fact that 


the extensor stretch reflexes are less active in 
the spinal animal is due to the loss of facilita- 
tory impulses from the reticular formation and 
the vestibular nuclei Recovery of reflex ac- 
tivity following transection of the spinal cord 
is in considerable measure dependent upon the 
condition of the animal or patient Infection or 
impaired nutrition greatly retard recovery 

DECEREBRATE RIGIDITY 

This IS the term applied to the sustained 
contraction of the extensor muscles which su- 
pervenes upon transection of the brain stem at 
any level between the superior colliculi and the 
vestibular nuclei ^ It was first studied and de- 
scribed in detail by Sherrington (1906) The 
animal assumes a characteristic attitude with 
limbs stiffly extended, head retracted, jaws 
closed, and tail horizontal or erect When 
placed upon its feet the limbs support the 
weight of the body The position is a caricature 
of the normal standing position The knee jerk 
and other stretch reflexes are exaggerated The 
righting reflexes are abolished, tonic neck and 
labyrinthine reflexes are retained 

In some instances there is increased reflex 
excitability of the flexor muscles as well, but 
the characteristic feature of decerebrate ri- 
gidity is the tome contraction of the muscles 
which maintain the posture of the body against 
gravity, the antigravity muscles It may be 
pointed out that in the frog whose natural pos- 
ture IS squatting with flexed thighs, legs, and 
arms, it is the flexor muscles which are the site 
of decerebrate rigidity Also in the sloth, whose 
habit it IS to remain for long periods sus- 
pended from a tree branch, flexor rigidity is 
the characteristic result of de cerebration In 
the pigeon the flexor muscles which maintain 
the resting (folded) position of the wmg exhibit 
rigidity, and in the ape the muscles which hold 
the elbow semiflexed when the body is erect 
show increased tone In man abolition of the 
function of the cerebral motor cortex results in 
a state of increased tone m the flexors of the 
arms and in the extensors in the lower extrem- 
ities, whereas decerebration at the mesence- 
phalic level is associated with extensor spas- 
ticity in all four extremities 

Tonic Labyrinthine and Neck Reflexes in 


^ Decerebration can also be produced by tying the 
common carotids and the basilar artery at the center 
of the pons and thereby depnvmg the forebram of its 
blood supply 



9-92 


C^J E U K ^ 1. C O W T .=3 O L S Y S d E iVJ S 


Sect/on 9 


the Decerebrate PreparatioB. Labyrinthine 
proprioceptors are responsible for the tone of 
the neck extensors, consequently, after de- 
struction of the labyrinths in the decerebrate 
preparation the head is no longer held erect 
but falls into the fully flexed position (Fig 
9 76) The rigidity in the forelimbs in turn is 
maintained through proprioceptive reflexes 
initiated m the extended neck muscles as well 
as directly through labymthme reflexes (Fig 
9 77) After labyrinthectomy, therefore, the 
flexed position assumed by the head sets up 
proprioceptive impulses from the neck muscles 
which lead to a reduction in the extensor tone 
of the forelimbs, these then become strongly 
flexed upon the chest If the neck musdes of 
the labnnthectomized animal are deafferented, 
movements of the head are without effect upon 
the extensor muscles of either fore or hind 
limbs 

Lengthening and Shortening Reactions. 
Attempts at passive flexion of the extended 
limb of the decerebrate (or chronic spinal) 
preparation are met by considerable resist- 
ance If the force is increased beyond a certain 
point the stretch reflex (upon which the resist- 
ance depends) is inhibited and the limb gives 
way suddenly (clasp-knife effect) It may then 
be easily flexed to any degree and remains in 
the new position The elongation of the ex- 
tensor muscles which permits the flexion of 



decerebration there is overactivity of all the antigravity 
muscles S Decerebrate cat following labyrinthectomy 
the head is no longer supported against gravity and flex- 
ion of the neck leads to reflex inhibition of extensors of 
fore limbs 



Fig 9 77 Influence of neck reflexes on stretch 
reflex m decerebrate preparation With triceps muscle 
stretched to induce reflex in both heads (red muscle 
upper hne pale muscle lower tracing) the force of con 
traction is increased when neck is dorsiflexed and de 
creased with ventriflexion {arrows) {Creed et al 1932) 

the limb is called the lengthening reaction 
It the limb is then moved again into the ex- 
tended position the extensor muscle shortens 
adaptively, and again resists the limb being 
bent This is the shortening reaction These 
reactions give the muscles a certain plastic 
quality The giving way of the extensor con- 
traction in the lengthening reaction is ascribed 
to inhibitory impulses from the Golgi tendon 
organs that are set up when the stretch stim- 
ulus reaches a certain intensity With inhibi- 
tion of the forcibly flexed knee extensor, the 
knee extensor of the opposite leg is excited, 
this is known as Phillipson's reflex, a special 
instance of the principle of reciprocal innerva- 
tion 

Mechanisms Responsible for Decerebrate 
Rigidity Decerebrate rigidity is quite evi- 
dently a “release” phenomenon, brought about 
by the removal of inhibitory mechanisms that 
he ahead of the plane of section and that nor- 
mally inhibit the neurons that now cause the 
rigidity (This is the inverse of the concept 
that spinal shock is a result of loss of rostral 
facilitatory mechanisms ) The level of the neu- 
rons that induce the extensor rigidity can be 
specified, in cats it is the level of the pontile 
and upper medullary tegmentum If the pldne 
of decerebration is at or above the rostral limit 
of the mesencephalon, little or no rigidity oc- 
curs, this indicates that the inhibitory mecha- 
nism lies in the rostral mesencephalic teg- 
mentum Consequently, if the first section is 
made superior to the mesencephalon, and then 
after some minutes sections are made at pro- 
gressively lower levels, the animal is at first 
not rigid but becomes so when the rostral mes- 
encephalon IS removed With the lower cuts 
the rigidity may increase to a maximum, and 
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then decrease again finally to disappear when 
the plane of section is at the lower border of 
the pons As noted in section 6, and in chapter 
7 of this section, typical changes m pattern of 
respiration accompany these changes in pos- 
ture 

In a cat made decerebrate by a midcollicular 
section, the cerebellum has a curious relation- 
ship to the rigid state When an electrical 
stimulus IS applied to the cortex of the ante- 
rior lobe, the rigidity is decreased, if this por- 
tion of the cerebellum is ablated, the rigidity 
increases For this particular mechanism, at 
least, this part of the cerebellum seems to have 
an inhibitory function analogous to that of the 
rostral mesencephalic tegmentum 

Granit (1955) has shown that the brainstem 
mechanism that produces the rigidity does so 
by way of the stretch reflexes of antigravity 
muscles It facilitates the strength of the in- 
trinsic control of muscle stretch receptors by 
activating the y motor fibers This makes the 
receptors overly sensitive to stretch, intensifies 
their stretch reflexes, and leads to the decere- 
brate state The factor that determines that it 
IS the extensor and not the flexor muscles that 
become hyperactive must be assumed to be the 
way the reticular facilitatory mechanism is 
organized Both extensor and flexor muscles 
have the same kind of control system from the 
level of the medulla down through spinal cord 
and out to the muscles The fact that removal 
of higher levels leads to only extensor rigidity, 
however, indicates that it is the extensor com- 
ponents of the reticular-spmal system that are 
usually subject to powerful inhibition from 
above The components that are so inhibited 
seem to include the reticular formation at the 
pontile level, the vestibular nuclei, and the 
central nuclei of the cerebellum These latter 
nuclei, in fact, can be regarded functionally as 
displaced components of the bulbar facilita- 
tory system 

From the outline given in chapter 2, it is 
apparent that there is no lack of descending 
tracts that might impose a tonic inhibition 
upon these tegmental and cerebellar nuclei 
The corticobulbar and corticopontile fibers, 
however, probably do not need to be consid- 
ered in this connection, inasmuch as removal 
of the cerebral cortex of a cat leads to little 
evidence of extensor rigidity Furthermore, the 
lack of rigidity following high mesencephalic 
section also argues against the significance of 


telencephalic structures The most plausable 
conclusion, for the cat at least, is that both the 
inhibitory and excitatory mechanisms for the 
rigidity reside in the brainstem tegmentum 
and cerebellum The principal collection of 
cells found at the level of the critical plane of 
section IS the red nucleus (Fig 9 78) When it 
retains its connections with brainstem and 
cerebellum, there is little rigidity, when the 
plane of section is below this nucleus, ridigity 
IS marked If the inhibition normally exerted 
upon extensor reflexes does, in fact, arise in 
the complex of systems that includes the in- 
ferior olive, the Purkmje cells and nuclei of the 
cerebellum, and the red nucleus, this might 
explain why maximal rigidity follows concur- 
rent removal of red nucleus and anterior cere- 
bellar cortex 

One other significant feature of the decere- 
brate state should be noted, namely, the evi- 
dence it offers for opposing facilitatory and 
inhibitory mechanisms in the brainstem (Fig 
9 79) That such opposed mechanisms are al- 
most ubiquitous in control systems will be- 
come evident as they are more fully described 
In general, the two types of components may 
he together at any level of the neuroaxis, but 
occasionally they are at different levels as in 
the case of decerebrate rigidity, and also the 
expiratory and inspiratory mechanisms of the 
medullary respiratory system Longitudinally, 
these systems are organized so that there is 
increasing complexity of function at progres- 
sively higher levels of the nervous system 



Fig 9 78 Levels of section through the brain of cat 
to illustrate typical results /) Thalamic animal Righting 
tonic labyrinthine and neck reflexes are retained little 
change in muscle tone //) High decerebration Minimal 
decerebrate rigidity HI) Midcollicular decerebration 
Extensor rigidity may be maximal If vagi are cut animal 
may show apneusis IV) Medullary or decapitate animal 
Condition depends completely upon level of section 
Usually there is no rigidity respiration may be gasping 
m type 
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Fig 9 79 Outline drawing of structures in cats 
brainstem in cerebellum and cerebral cortex Stimula- 
tion of regions marked -f facilitates spinal reflex activity 
whereas regions marked — inhibit reflex responses 
(Lindsley et al 1950) 

Thus, at spinal levels they control through 
opposing actions the strength of reflex re- 
sponses, at the medullary level they evoke in- 
spiration or expiration, raise or lower the blood 
pressure, accelerate or slow the heart, and 
strengthen or weaken the tone of antigravity 
muscles In the hypothalamus they raise or 
lower body temperature, and increase or de- 
crease water and food intake Of these exam- 
ples, however, posture is in many respects the 
one easiest to analyze, and how it is controlled 
may be used as a guide in study of the other 
systems 

'THALAMIC ANIMAL 

It is relatively easy to perform an operation 
in which most of the cerebral cortex is re- 
moved on both sides, with most of the white 
matter beneath it and accessible portions of 
the basal ganglia What remains is the dien- 
cephalon, together with variable amounts of 
the basal ganglia that were left behind The 
resulting preparation has been called a “thal- 
amic” animal This name is misleading, be- 
cause it IS inconceivable that the thalamus 
under these conditions could have anything 
approaching its normal function Those thal- 
amic nucleic most directly related to cerebral 
cortex must be seriously affected by the opera- 
tion, and neurons sending their processes to 
the cortex can scarcely retain normal function 
after their processes are cut Consequently, no 
one knows just which subcortical structures are 
capable of activity, nor at what level in the 
neuroaxis the behavior exhibited by these ani- 
mals may originate Nevertheless, because 
they can be prepared and maintained rela- 
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tively easily, their neurological condition is of 
some interest 

These animals retain their righting reflexes 
and can regulate their body temperature They 
are also capable of carrying out coordinated 
reflex acts and show, often to an exaggerated 
degree, reactions which are associated in the 
intact animal with the emotional states of 
fright and of anger Such reactions, termed 
pseudoaffective, are also exhibited by an an- 
imal whose cortex alone has been ablated, the 
condition known as “sham rage ” In contrast 
to the decerebrate animal, the distribution of 
muscular tone in the thalamic cat or dog shows 
little departure from the normal, though pro- 
nounced extensor rigidity becomes evident 
when the animal is held suspended in midair 

Primates, on the contrary, are usually unable 
to walk after bilateral decortication, and there 
are profound alterations in the muscular tone 
of the limbs The animal generally assumes a 
characteristic attitude When lying upon its 
side the limbs of the under part of the body 
are extended and the uppermost limbs flexed 
(Fig 9 80) The uppermost limbs show a pro- 
nounced grasp reflex Turning the animal on 
to its opposite side reverses the picture The 
limbs which were underneath and extended 
are now flexed and show the grasp reflex, while 
the limbs previously uppermost, being now 
underneath, are extended Righting reflexes 
(except those dependent upon vision) and the 
tonic labyrinthine and neck reflexes of Magnus 
and de Kleijn are shown in a striking fashion 
Fig 9 81 

If the extirpation of the cerebral cortex of a 
monkey is carried out piecemeal over a consid- 
erable period of time, and if the animal is 



Fig 9 80 Posture of decorticate monkey when it is 
lying on its left side The two lower limbs are extended 
the upper ones are flexed 
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F»g 9 81 Posture of decorticate rabbit suspended 
from a hand grasping the pelvis A The labyrinths are 
intact and there is righting of the head and neck with 
postural response in forelimbs B After labyrinthectomy 
the head and forelimbs hang limp {Magnus 1926) 

given meticulous care as to nutrition and ma- 
nipulation of its extremities, it may be able to 
stand briefly and awkwardly and may even 
take a few steps, but in general such an animal 
IS quite disabled The disability is much more 
profound than that seen in a decorticate or 
thalamic cat 

Reflex Maintenance of Posture 

By observing cats and rabbits after opera- 
tions upon the central nervous system, Ru- 
dolph Magnus (1926) and A de Kleijn (1923) 
of Utrecht were able to describe the responses 
through which posture is maintained and 
righting achieved (Their papers are in Eng- 
lish ) They classified these responses according 
to what they do for the animal, whether right- 
ing, change m posture, movement of the eyes, 
etc , and also in terms of the sensory organs 
from which the responses originate The most 
important of these sense organs include a) the 
visual system, b) the semicircular canals, utri- 
cle, and saccule of the labyrinth, c) stretch 
receptors m muscles and ligaments of neck 
muscles and joints, d) pressure receptors in toe 
pads and m other surfaces of the body, and e) 
stretch receptors of muscles of the limbs The 
function of these responses is to govern the 
orientation of the head in space, the position 
of the head and eyes m relation to the trunk, 
and the position of the limbs and eyes in rela- 
tion to position of the head They aid in main- 
taining the orientation of the body m relation 
to gravity, as well as restoring the body to an 
upright position when its posture has been dis- 
turbed Some of these phenomena are true re- 


flexes, whereas for others the word, response, is 
more appropriate The nature of the response 
usually is evident from the name that has been 
given to it 

A) LOCAL AND SEGMENTAL STATIC 
REACTIONS 

1) Positive Supporting Reaction simulta- 
neous reflex contraction of both ex- 
tensor and flexor muscles that converts 
the limbs into rigid pillars It is initi- 
ated by stimuli from pressure receptors, 
e g , in sole of foot, and proprioceptors 
in muscles that would be stretched if 
the leg collapsed 

2) Negative Supporting Reaction relaxa- 
tion that permits the limb to be moved 
to a new position It is initiated by pas- 
sive flexion of the limb 

3) Segmental Static Reactions flexion and 
crossed extension reflexes, are described 
m chapter 4 

B) GENERAL STATIC REACTIONS 

1) Statotonic or Attitudmal Reflexes 

a) Tonic Labyrinthine and Tonic Neck 
Reflexes Acting upon the Limbs in- 
fluence tone of skeletal muscles and 
maintain the different parts of the 
body in an attitude appropriate to a 
given position of the head Receptors 
are m the labjnrmth (utricle and sac- 
cule) and in muscles, tendons and 
ligaments of the neck In an animal 
on all fours the labyrinthine effect is 
to increase the extensor tone m the 
muscles of all four limbs when the 
head is strongly extended, and to 
decrease the tone when the head is 
flexed The tonic neck reflexes, by 
contrast, evoke flexion of the fore 
limbs and extension of the hind 
limbs when the neck is flexed to- 
wards the sternum, extension (dorsi- 
flexion) of the neck produces the 
converse picture Rotation of the 
head causes increased tone m the 
fore- and hmdlimbs on the side of 
the body toward which the jaw is ro- 
tated, and reduces the extensor tone 
m the opposite limbs. In man this is 
the classic pose of a boxer. 

b) Tome Labyrinthine and Tome Cer- 
vical Reflexes Acting upon the Eyes 
tonic effects upon eye muscles, anal- 
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Fig 9 82 Pathways by which the cerebral cortex 
pons cerebellum red nucleus and thalamus are inter- 
connected Interruption of this circuit between cerebellum 
and thalamus may cause an intention tremor 


produces smooth movement becomes oscilla- 
tory when one component, the cerebellum, is 
disconnected But the subsequent removal of 
another component, the premotor cortex, de- 
creases the oscillations Perhaps this second 
operation decreases the power transmitted 
through the system, or at least through that 
part that previously evoked the oscillation 
This topic IS considered later in this chapter in 
connection with rhythmic activity in the cen- 
tral nervous system 

The deficiencies in motor movement after 
removal of the cerebellum include a prolonga- 
tion of the latency of response of both contrac- 
tion and relaxation of muscles, together with 
both increase and decrease m strength of indi- 
vidual muscle contractions All of these effects 
represent dysfunction of the corticospinal sys- 
tems (including their y motor portions), and 
have been utilized for a recent hypothesis as to 
how the cerebellum functions (Blomfield and 
Marr, 1970) Eccles et al (1971) have suggested 
that the key to cerebellar function is found in 
the distribution of connections to and from the 
Purkinje cells 

There are many experiments that suggest 
that the influence of the cerebellum on the 
corticospinal system is facilitatory, whereas 
others imply an inhibitory effect. The central 
nuclei of the cerebellum apparently belong 
functionally to the bulbar facilitatory system, 
as noted earlier, so that stimulation strong 
enough to activate them will increase muscle 


tone and strength, especially in the extensor 
muscles of a cat The cortex by way of the 
Purkinje cell projection, by contrast, inhibits 
central nuclei and Deiter’s nucleus of the 
brainstem (Fig 9 83) Cortical stimulation 
alone, therefore, should decrease muscle tone, 
especially in the extensors The discovery of 
these two opposed types of actions should lead 
eventually to a better understanding of data 
from stimulation experiments At the present 
time such data are contradictory, perhaps be- 
cause stimuli applied to the cortex would not 
produce any apparent effect because the re- 
sulting inhibition could be observed only 
against a background of antecedent activity 

FLOCCULONODULAR LOBE AND OTHER 
PARTS 

Through its vestibular connections the floc- 
culonodular lobe is concerned with equihbra- 
tory function, severe disturbances of balance 
resulting from its ablation Removal of this 
lobe in monkeys, or of the nodule and part of 
the uvula, is followed by pronounced disturb- 
ances of balance In man a lesion of this part 
of the vermis is also associated with disturb- 
ances of equilibrium Removal of the nodule 
alone in monkeys is followed by oscillation of 
the head and neck (and, in some instances of 
the whole trunk) falling backwards and an un- 
steady gait with the extremities spread widely 
apart to provide a broader and thus more cer- 
tain base Ablation of the nodule in dogs con- 
fers immunity to motion sickness Removal 



Fig 9 83 Demonstration of inhibitory action of a 
Purkinje cell upon a cell in a vestibular nucleus (Deiters) 
F IS an excitatory cell from fastigial nucleus, VST is 
vestibulospinal tract 5 is stimulating electrode M is the 
intracellular, recording electrode The records B-E on the 
right show the development and course of the inhibitory 
postsynaptic potentials {/PSP) (Eccles 1967) 
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of other regions of the cerebellum or of the 
cerebral cortex does not have this type of 
protective action 

The functions of the uvula are largely ob- 
scure, its destruction alone is followed by some 
transient disturbance of equilibrium Very 
little is known of the function of the pyramid, 
although it appears to be concerned in some 
way with vision or eye movement Its excision 
causes no defect of balance Ablation of the 
pyramid in the monkey results in an inability 
to halt its forward progression in time to pre- 
vent it from crashing into some obstacle Fa- 
radic stimulation of the pyramid elicits an 
upward movement of the eyes, and Fulton 
argued from this fact and the preceding obser- 
vation in favor of the possibility of the pyra- 
mid’s being concerned in some way with the 
integration of proprioceptive impulses essen- 
tial in judging distance 

The many connections and interrelations the 
basal ganglia have with other parts of the so- 
matic motor systems (chap 2) suggest that 
they must participate in a considerable variety 
of motor functions (Fig 9 84) What is known 
of their properties can be summarized in two 
statements, as follows 1) they stabilize or 
“damp” movements that otherwise would be 
rhythmic or oscillatory, 2) especially in lower 
animals but presumably also in man they have 
the capacity to initiate movement 

It has been difficult to attribute specific 
functions to individual ganglia, in part because 
lesions created experimentally usually do not 
produce obvious deficits Perhaps this is be- 
cause the requisite imagination and insight 
have not yet been brought to bear on the 
problem of testing the performance of the 
animals If one is to disclose an input-output 
relationship, the input must be appropriate for 
the mechanism being analyzed 

DYSFUNCTION OF BASAL GANGLIA 

Information about functions of the basal 
ganglia has come principally from observation 
of patients with lesions m these structures 
Three types of lesions are typical, as follows 

1) Lesions found m the putamen of the len- 
tiform nucleus as a result of copper intoxica- 
tion m Wilson’s disease — hepatolenticular 
degeneration — cause tremor and rigidity 

2) Lesions found in the substantia nigra fol- 



Fig 9 84 Portrayal of some of the better understood 
interconnections of the basal ganglia brainstem thalamus 
and cerebral cortex 

lowing manganese intoxication cause symp- 
toms of Parkinson’s disease (paralysis agitans), 
as described under 3) 

3) Lesions that remain following encephali- 
tis, and that are believed to occur also m pa- 
tients with cerebral vascular disease, are re- 
sponsible for paralysis agitans They involve 
the globus pallidus and substantia nigra, with 
depigmentation of the latter because of a 
failure of melanin accumulation 

In addition to these three, other lesions may 
occur as a result of vascular disease, infections, 
or the growth of tumors 

The symptoms of paralysis agitans include 
both slowing and weakening of somatic motor 
movements, loss of “associated” movements, 
for example in walking (see later), tremor of 
postural mechanisms, rigidity to passive ma- 
nipulation of limbs, and an apparent dulling of 
emotional responses The tremor is known as a 
tremor at rest, it involves typically the mus- 
cles of the neck and upper limbs By contrast, 
the tremor that accompanies voluntary move- 
ment in patients with lesions of the cerebellum 
or its projection to the lateral ventral nucleus 
of the thalamus is an intention tremor Other 
symptoms associated with disease of the basal 
ganglia include two forms of spontaneous and 
involuntary movements, chorea m which the 
movements are quick and jerky, although ap- 
parently coordinated, and athetosis where they 
are slow, sinuous and writhing, and involve 
particularly the hands and forearms. 

CONTROL FUNCTIONS 

Although it has been repeatedly said that 
there is no localization of function, somato- 
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topic or otherwise, in the basal ganglia, clinical 
experience leaves no doubt that this statement 
IS untrue As noted above, disease m different 
parts of the basal ganglia gives rise to vastly 
different clinical pictures Destruction at any 
point in the dentatorubrothalamic projection 
(Fig 9 82) causes an intention tremor Lesions 
of the substantia nigra and globus pallidus are 
associated with parkinsonism and a tremor at 
rest Destruction of the caudate nucleus and 
putamen is seen in patients with choreoathe- 
tosis Obviously there must be some functional 
differences between these various nuclei Every 
clinical neurologist is aware of how the tremor 
of parkinsonism may begin in the head and 
neck, or in the foot, or in a finger, and then 
later gradually spread to other parts of the 
body on the same or opposite side Obviously 
there is somatotopic localization in the basal 
ganglia in man, otherwise such localized mani- 
festations of disease would not be possible 
Voluntary Muscular Activity. For years it 
was supposed that voluntary muscular activity 
originates exclusively in the corticospinal 
system It is now obvious that that is incorrect, 
at least in species up to and including carni- 
vores (see p 9-98) It is true, however, that 
m primates the situation is quite different 
Does this mean that in primates the basal 
ganglia and other subcortical centers have 
lost their ability to produce useful voluntary 
movements'^ This seems unlikely, but it does 
appear that they have lost their ability to pro- 
duce such movements in the absence of the 
precentral motor cortex It may be that when 
the cortex of a primate is removed the basal 
ganglia are left in a hypoactive condition 
analogous to spinal shock, and thus are incap- 
able of initiating movement If, on the con- 
trary, these ganglia become hyper excitable (as 
in dopa therapy, see below), then movement 
IS generated on an involuntary basis 

Reflex Muscular Activity. Rigidity is one 
of the characteristics of disease of the basal 
ganglia, notably Parkinson’s paralysis agitans 
Clinicians frequently attempt to make a sharp 
distinction between the rigidity of diseases of 
the basal ganglia and the spasticity associated 
with decerebration and capsular hemiplegia 
However, the differences appear to be rather 
superficial As Fulton (see 1949) and his co- 
workers were the first to emphasize, both re- 
sult from the loss of supraspinal inhibition 
which IS not concerned with the corticospinal 


fibers Furthermore, the rigidity of paralysis 
agitans, like the spasticity of decerebration, is 
greatly diminished by interrupting afferent 
impulses from the involved muscle to the 
spinal cord This demonstrates that both ri- 
gidity and spasticity result primarily from ac- 
tivity of the local, spinal reflex arc which is 
released to hyperactivity by removal of de- 
scending, inhibitory influences Thus, it ap- 
pears likely that the basal ganglia as well as 
the precentral motor cortex, area 4s and the 
bulbar reticular formation, exert an inhibitory 
influence over the spinal reflexes which control 
the muscular activity responsible for posture 
and reflex standing Clinical observations that 
lesions in the globus pallidus produced surgi- 
cally in the treatment of various diseases re- 
sult in the reduction of rigidity indicate the 
possibility that the basal ganglia exert an ex- 
citatory as well as an inhibitory influence upon 
the spinal reflex mechanism responsible for 
rigidity However, the physiological explana- 
tion of these clinical observations is as yet 
unknown This serves further to emphasize our 
Ignorance in this field 

Automatic Associated Movements. One 
thing that characterizes parkinsonism perhaps 
even more than tremor or rigidity is the loss of 
automatic associated movements Commonly 
this term is regarded as indicating only the 
swinging of the arms m walking — a type of 
movement which is abolished by various de- 
structive lesions in the precentral motor cor- 
tex, m the cerebellum, as well as in the sub- 
stantia nigra and globus pallidus m parkin- 
sonism However, in parkinsonism far more is 
lost than automatic swinging of the arms 
There is a general poverty of movement The 
loss of express lonal movements of the face re- 
sults in the familiar masklike face There is 
also a generalized loss of movements 
throughout the body so that the victim is de- 
scribed as being ‘ 'statuesque ” It thus appears 
that the basal ganglia are responsible for a 
wide variety of automatic and associated 
movements 

CHEMICAL TRANSMISSION 

Further understanding of the performance of 
two of the basal ganglia, the substantia nigra 
and globus pallidus, has come from recent suc- 
cess in relieving the symptoms of patients with 
parkinsonism (Figs 9 85 and 9 86) by adminis- 
tration of the ammo acid, L-dihydroxy- 
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phenylalanine (dopa) (Cotzias, et al , 1967, 
1969) The efficacy of this ammo acid in coun- 
teracting these symptoms indicates that its 
derivative, dopamine (dihydroxyphenyl- 
ethylamine), produced in the nervous system 
by the enzyme dopa decarboxylase, is an es- 
sential transmitter somewhere in this system 
(Fig 9 87) Two earlier observations had sug- 
gested that this type of transmission might be 
involved First, dopamine was identified in 
this part of the brain by Carlson and his col- 
leagues (1958), who found also that the concen- 
tration was lowered following administration 
of the drug, reserpme When dopamine was 
then given after reserpme it did not enter the 
brain to restore the usual levels, indicating 
that it cannot pass across the capillary-men- 
ingeal boundary that is called the “blood- 
brain barrier” (Carlson et al , 1957) The ad- 
ministration of dopa, by contrast, did restore 
the dopamine level in the brain via the decar- 
boxylation reaction mentioned above 

Second, Hornykiewicz (1963) found reduced 
concentrations of dopamine in the substantia 
nigra of patients with Parkinson’s disease 
This observation is believed to have some as 
yet unexplained relation to the depigmenta- 
tion of this structure m these patients Mela- 
nin, the pigment, is likewise derived in the 
body from dopa The metabolic significance of 
the pigment m these cells, however, is not 
clear, nor is the reason for the concurrent defi- 
ciencies of melanin and dopamine 
In the course of treatment of these patients, 
two other phenomena were noted that are of 
neurophysiological significance First, inas- 
much as most of the dopa given was distrib- 
uted throughout the rest of the body, (in addi- 
tion to the fraction that entered the brain,) 
there was a generalized elevation of dopamine 
levels as a result of decarboxylation m other 
tissues, for example, the liver This led to 
symptoms of dopamine intoxication, and in 
some cases necessitated a reduction in dose of 
dopa administered The intoxication was espe- 
cially marked in early experiments where the 
racemic or d,l form of the ammo acid was the 
only form available m the quantities needed, 
when the L form became available the total 
dose could be cut in half and general symp- 
toms of intoxication were less troublesome 
Cotzias has suggested (1969) that it may prove 
feasible to block the decarboxylation reaction 
in peripheral tissues by giving a blocking drug 
that, itself, cannot enter the brain. 


Fig 9 85 Chilean ex-miner with chronic manganese 
poisoning is trying to lift his arm and extend his fingers 
From Mena and others cited by Cotzias 1969 


Fig 9 86 Patient shown in Fig 9 85 during therapy 
with levodopa Note also change in facial expression Mena 
et al cited by Cotzias 1 969 
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Fig 9 87 Projections from substantia nigra as 
significant components of interrelationships of basal 
ganglia Compare with fig 9 84 


Second, another type of undesired side effect 
of the dopa treatment was involuntary move- 
ments that included myoclonus, athetosis, and 
chorea The therapy that relieved the tremor 
and rigidity, therefore, and that created a 
sense of “awakening” in the patients, also led 
to movements that presumably were generated 
m the basal ganglia 

RHYTHMIC MECHANISMS 

A significant feature of the involuntary 
movements associated with disease of the 
basal ganglia or cerebellum is repetition 
Steadiness of a) normal posture is replaced by 
a tremor at rest, smoothness of 6) movement 
is obscured by intention tremor, the quietness 
of c) normal resting is disturbed by chorea or 
athetosis Each of these seems to be a condi- 
tion where the interruption of some neural 
mechanism “releases” an underlying rhythmic 
mechanism from a control that is usually su- 
perimposed over it. 

There is reason to believe that such rhythms 
are, in general, a fundamental pattern of re- 
sponse of a control system (Wilson, 1967) If a 
given system does not show such a rhythm or 
oscillation, it means that some component has 
been added so as to achieve a smoothing of the 
response One should recall that the usual 
condition of a simple system with a negative 
feedback is one of oscillation (see Grodins, 


1963, p 96 ff ) As the output increases and the 
feedback becomes stronger, the feedback is 
returned as a negative input that lessens the 
output, with the result that the feedback like- 
wise becomes less intense This permits the 
cycle to start again and an oscillation follows 
If the oscillation is not m turn controlled or 
“damped,” and if time relations are what is 
called “tuned,” the oscillation may become 
progressively greater so as to destroy the 
system One way of preventing such oscillation 
is to detune it in some way, or to introduce 
secondary feedback loops having time con- 
stants different from the first one Another 
way is to add feedbacks having detectors that 
signal, not where the system is, but where it is 
going, or how fast it is changing in a given 
direction Neural circuits having these proper- 
ties seem to be responsible for smoothness and 
stability of movement in the somatic motor 
system, and these concepts seem to offer a 
usehil hypothesis for thinking about involun- 
tary movements If the concepts are correct, 
one can see that although it might be possible 
to remove a focus from which an unwanted 
movement such as chorea or athetosis origi- 
nates, contrariwise a tremor of resting posture 
(in parkinsonism) or of voluntary movement 
(intention tremor) can be relieved only by al- 
tering the phase relationships of the system, or 
actually interrupting the feedback Or, as 
noted earlier, the magnitude of the oscillation, 
but not the oscillation per se, may be reduced 
by decreasing the power applied to the system 

Rhythms may originate at any level of the 
nervous system For example, a single detector 
creates a rhythmic pattern of nerve impulses, 
as does a motor neuron, the most fundamental 
of all repetitive activity Its frequency depends 
upon intensity of stimulation, sensitivity of 
the detector or the postsynaptic membrane, 
and duration of the refractory period This 
phenomenon has been designated as “a 
rhythmic response to a steady state” (D H 
Barron, personal communication) It is respon- 
sible for signal generation, as described in 
chapter 1. If it occurs in the central nervous 
system it may account for what appears to be 
“spontaneous” activity including some volun- 
tary movements 

When circuits or loops of neurons function 
together, the possibility of another type of 
rhythm is introduced, a second order type in 
which bursts of nerve impulses acquire a pat- 
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tern that is a frequency modulation of the orig- 
inal tram It is this second order of rhythm 
that underlies the involuntary movements just 
considered, as well as the electroenceph- 
alogram (see next chapter) and rhythmic ac- 
tivity in other levels of the neuroaxis, as fol- 
lows 

1) On a purely reflex basis there is the phe- 
nomenon of clonus (p 9-97), the repetitive 
contraction of a muscle after its tendon is 
stretched (Fig 9 88) It appears especially in 
extensor muscles of decerebrate preparations 
when the myotatic reflexes are hyperactive 
(Creed et al , 1932) 

2) More highly organized is the rhythmic 
stepping that Sherrington (1906) and many 
other authors have studied in spinal animals 
Sherrington found that it did not depend upon 
innervation from muscles involved, nor upon 
any other one type of sensory stimulation, and 
so concluded that it originates in the spinal 
oord It IS presumed to be brought about by 
nerve nets that are self-exciting in a fashion 
that alternately stimulates and inhibits both 
flexors and extensors in a reciprocal fashion in 
both hind limbs 

3) From the brainstem there arise the 
rhythmic trains of impulses that maintain 
pulmonary ventilation, as well as another form 
of rhythm that sometimes appears in blood 
pressure records as Traube-Hering waves (sect 
3, chap 9) 

4) Rhythms of feeding and drinking, as well 
as those associated with temperature regula- 
tion and with certain phenomena of reproduc- 
tion such as the estral and menstrual cycles 
come from the hypothalamus and pituitary 
gland 

5) The levels of basal ganglia and cere- 
bellum are represented both by the presence 
and absence of movements described in this 
chapter 

6) Finally, many of the voluntary move- 
ments that are believed to begin m the motor 
cortex are rhythmic in nature, including writ- 
ing, typing, dancing, and a multitude of 
others 

In certain of these examples it is possible to 
identify the negative feedback pathway that 
maintains the oscillation For clonus it is 
muscle spindles stretched when the muscle 
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Fig 9 88 Clonus in lightly stretched quadriceps 
muscle of decerebrate preparation Clonus was induced 
by tapping the tendon of the muscle Rhythmicity is 
shown both in mechanical record [upper] and elec- 
tromyogram [lower] (Creed et al 1 932) 

relaxes and the limb moves passively In a cat 
with a low decerebration the rhythm of pulmo- 
nary ventilation may be created by stretch 
receptors in the lungs that serve to limit each 
inspiratory excursion If the decerebration is 
still lower, however, and the vagal nerves are 
both cut, another variety of rhythm may be 
seen that is analogous to the stepping of Sher- 
rington’s spinal dog after the afferent nerves 
had been cut This type of rhythm comes from 
circuits, from negative feedbacks, that are 
within the nervous system and do not require a 
peripheral detector They may or may not in- 
clude a pacemaker, a master neuron that al- 
ways fires first But they must include connec- 
tions such that activity eventually is fed back 
as inhibition that suppresses the original 
output 

The tremor at rest of a patient with lesions 
of the basal ganglia, therefore, indicates that 
postural mechanisms are normally rhythmic 
when cortex, cerebellum, brainstem, and 
spinal cord are intact and when voluntary mo- 
tion IS not in progress It is the function of 
substantia nigra and globus pallidus to mask 
this rhythmicity so as to maintain a stability 
of posture Similarly, the movements that orig- 
inate in motor cortex on a “voluntary” basis 
show an obvious and disturbing rhythm unless 
they are smoothed out by the circuit that in- 
cludes the cerebellar cortex What is known 
about the organization of this part of the brain 
is consistent with the interpretation that a 
phase shift is introduced by the more cucui- 
tous pathway from cortex to pons to cere- 
bellum and back to thalamus and cortex 
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The human cerebral cortex (or pallium) has 
a total area of about 2,200 cm not more than 
a third of this lies upon the free surface or 
crown of the convolutions The remaining two- 
thirds of the gray mantle of the cerebrum oc- 
cupies the walls and depth of the sulci The 
total number of nerve cells in the human cere- 
bral cortex has been estimated at around 14 x 
10® The number of fibers received from and 
projected to lower levels of the nervous system 
IS in the neighborhood of 200 million Added to 
these are fibers, many times more, which con- 
nect cells within the cortex (association fibers) 
Because many of these fibers are not myeli- 
nated, their courses are not easily traced from 
one region to another Of those that are myeli- 
nated, a prominent number join the cortices of 
the two sides via the corpus callosum (“har- 
dened body”) that is a major portion of the 
white matter in the center of each hemisphere 

FINE STRUCTURE OF THE CORTEX 

When the grey mantle of the cortex is cut 
transversely, the fine structure is seen to be 
organized in layers or laminae (Fig 9 89) 
These layers do not show identical histological 
appearances throughout the extent of the 
cortex characteristic differences m the depth 
of the individual layers and their cellular com- 
ponents are found m the various regions The 
six layers from the surface inwards are shown 
in Figure 9 89, as they were named by von 
Economo they include the following 

I Molecular (or plexiform) layer, 

II External granular layer, 

III Pyramidal cell layer, 

IV Internal granular layer, 

V Ganglionic layer (internal pyramidal layer) 
VI Fusiform cell layer 
It should be emphasized, however, that even 
the number of layers is not a feature common 
to the entire cortex In man one -twelfth of the 


cortical area shows fewer than six layers (typi- 
cally three), this portion, the allocortex or ar- 
chipallium, comprises the cortex of the olfac- 
tory lobe and limbic system (chap 8, p 9 156), 
and includes the pyriform area and the hippo- 
campal, supracallosal, cingulate, and olfactory 
gyri The six -layered cortex, which in man 
constitutes the remaining eleven-twelfths, but 
which in lower mammals is a much smaller 
fraction of the whole, is called the isocortex or 
neopallium 

The greater part of the human laminated 
cortex shows the cytoarchitectural features 
described above, and is therefore sometimes 
referred to as the homotypical cortex In other 
more restricted areas the cortex departs from 
the typical cytological appearance, chiefly in 
the preponderances of the small granular cells 
or of the pyramidal elements, and is called 
heterotypical In areas in which the internal 
granular layer is absent or practically so, and 
in which pyramidal cells predominate, the 
cortex is called agranular, it tends to be thick 
because of the presence of the larger types of 
neurons When the small, granule-like cells 
form a prominent internal granular layer with 
few pyramidal cells, it is called the granular 
cortex, this type is particularly thin at the 
frontal and occipital poles of the hemispheres 

LOCALIZATION OF FUNCTION IN THE 
CEREBRAL CORTEX 

Many authors have tried to make some sig- 
nificant correlation between fine structure and 
function of the several cortical areas These 
attempts have not been particularly helpful, 
except m two instances One is m the case of 
the cortex of the precentral region (areas 4 and 
6), which is of the agranular type The granular 
layers (II and IV) are shallow, being en- 
croached upon by the expansion of the pyram- 
idal layers III and V In the deep part of layer 
V of area 4 (the area gigantopyramidahs) are 
situated the characteristic giant cells of Betz 
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Fig 9 89 Microscopic appearance of cerebral cortex 
(area 4) as stained for neurons {left) and for fibers 
{right) Layers are identified with large cells of Betz in 
layer V Outer and inner bands of Baillarger are indi- 
cated as a and b 

(60 to 80 pm, in their greatest diameters) (see 
below) These cells contribute fibers to the cor- 
ticospinal tracts In area 6 rostral to area 4 
the granular layers are also inconspicuous even 
though the large cells of Betz are absent 
In the cortex of the walls of, and sur- 
rounding the calcarine fissure — the area striata 
or visual area — the outer and inner granular 
layers (II and IV) are expanded at the expense 
of the pyramidal layers (III and V) This very 
finely granular type of cortex, also called from 
its “dusty” appearance under the microscope 
the koniocortex, is characteristic of sensory 
areas It is present, though to a less fully spe- 
cialized degree than in the visual cortex, in the 
postcentral gyrus (somesthetic area) and m 
Heschl’s gyrus (auditory cortex) 

Campbell (1905) mapped the cortex into 20 
areas which can be differentiated on the basis 
of their cytoarchitectural characters This 
number was raised to 47 by Brodmann (1909), 
and further subdivided by Vogt and Vogt 
(1919) to make a total of 200 Bailey and von 
Bonin (1951), however, in a careful reappraisal 
of the matter concluded that the only signifi- 
cant subdivisions are the following 

a) Allocortex of the hippocampal region and 
the pyriform lobe, 


Cc^tiCBi Conlroi S’lsterns 

b) Agranular cortex of the precentral region 
and the anterior limbic area, 

c) Koniocortex of the primary sensory areas 
(the somesthetic areas of the postcentral gyrus, 
the visual cortex of the calcarine area, and the 
auditory cortex of Heschl’s convolution on the 
superior surface of the first temporal gyrus), 

d) Eulaminate cortex of most of the re- 
mainder of the mantle of the cerebral hemi- 
sphere 

Differences, most of them minor, within this 
broad outline are demonstrable For example, 
the agranular cortex of the anterior limbic area 
partakes of some of the characteristics of the 
allocortex (see chap 8, p 9-156) The komo- 
cortex of the visual area is more complex than 
that of the somesthetic and auditory areas, and 
there are minor variations in different parts of 
the eulaminate cortex which are not of signifi- 
cance here In the following discussion, there- 
fore, the numbers assigned to cortical areas by 
Brodmann will be used merely for convenience 
in identifying cortical loci (Fig 9 90) The 
principal gross anatomical subdivisions of the 
cerebrum are shown in Figures 9 91 and 9 92 

ELECTRICAL ACTIVITY OF THE CORTEX 

Electrical activity in the nervous system is 
of two types, evoked or spontaneous Evoked 
activity is elicited by applying an appropriate 
stimulus to a sense organ or to the nervous 
system itself and recording the resultant elec- 
trical activity with either a gross electrode or a 
microelectrode (Landau, 1967) Examples of 
such activity are shown in Figure 9 93 Spon- 

Area 



Fig 9 90 Lateral view of the human cerebral hemi- 
sphere showing the numbers assigned to the several 
areas After Brodmann and the Vogts from Ranson and 
Clark, 1959 
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Central sulcus 


Parietal lobe 
Temporal iobe 

Paneto-occipita! sulcus 
Occipital lobe 

Preoccipitai notch 

Lateral (Sylvian) sulcus 

I Posterior ramus 
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3 Ant horizontal ramus 



Frontal lobe 

Inferior frontal gyrus 
1 Pars opercularis 
Z Pars triangularis 
3 Pars orbitalis 


Frontal pole 


Temporal pole 


Fjg 9 91 Major landmarks of lateral surface of cerebrum Lobes are indicated by shading (temporal) stippling 
(parietal) or their absence (occipital frontal) From Truex and Carpenter 1 969 


Paracentral sulcus 


Sup frontal gyrus, 
Cingulate sulcus 
Cingulate Gyrus 

Sulcus of corpus 
callosum 


Central sulcus 

Sulcus cinguli (marginal ramus) 
( Subparietal sulcus 


Corpus callosum 
Fornix 

Lamina termmalis 

Rhinal sulcus 



Precuneus 

Parieto-occipital sulcus 


Cuneus 

Calcarine sulcus 
Lingual gyrus 
Hippocampal sulcus 


Uncus 


Collateral sulcus 


Fig 9 92 Major landmarks of the medial surface of the cerebrum with brainstem cut across and removed below 
the level of the diencephalon (Truex and Carpenter 1969) 


taneous electrical activity is present although 
the animal is not being stimulated. An ex- 
ample of spontaneous activity is the electroen- 
cephalogram, which will be described in more 
detail later Examples of spontaneous activity 
are also shown m Figure 9 93 Evoked and 
spontaneous activity have been subdivided 
according to whether the activity represents 
the “spikelike” action potential of the neuron 
recorded with a microelectrode or a sum of the 
longer lasting postsynaptic potentials de- 
scribed in chapter 4 

The action potential of a neuron in the cen- 
tral nervous system may be recorded either by 
extracellular or by intracellular techniques For 
the latter purpose fine electrodes can pene- 
trate a single cell without producing any ap- 
parent damage and can record not only the 


action potential but also the resting potential 
Both extracellular and intracellular electrodes 
can record postsynaptic potentials With an 
intracellular electrode the postsynaptic poten- 
tials are derived from the cell penetrated 
With an extracellular electrode, be it a micro- 
electrode or a larger one, the postsynaptic po- 
tentials recorded are considered to be largely 
composed of the sum of the potential changes 
of many cells It is this summation that yields 
the electroencephalogram (Morrell, 1967), and 
also the slow wave evoked reponses recorded 
from the nervous system in response to artifi- 
cial stimulation 

The Electroencephalogram (EEG). In 1875 
Caton first discovered that an electrode placed 
on the cortex of experimental animals would 
record spontaneous fluctuations of electrical 
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activity Although this discovery was widely 
reported at the time, the EEG did not receive 
significant attention for over 50 years In 1929, 
Berger reported that changes in electrical po> 
tential could be recorded from the head of the 
human subject by means of electrodes applied 
to the scalp or needle electrodes placed m con- 
tact with the periosteum of the skull These 
brain potentials were later studied by Adrian 
and Matthews (1934) In normal subjects the 
EEG may be characterized by three frequency 
bands, the /3, and A rhythms (A faster 
rhythm ( 7) appears m rare instances ) The a 
rhythm consists of rhythmical oscillations m 
electrical potential occurring at the rate of 8 to 
10/sec The waves have a voltage of about 50 
pM on the average The ^ rhythm has a fre- 
quency of 15 to 60/sec and the waves are of 
lower voltage (5 to 10 ) , the frequency of 

the A waves is from 1 to 5/sec and the voltage 
IS relatively high (20 to 200 pN) No precise 
cytoarchitectural area can be said to have a 
characteristic rhythm as was once supposed, 
but differences are found between rather large 


areas of the cortex Thus, the a rhythm domi- 
nates records from the occipital region or from 
the posterior parts of the parietal and tem- 
poral lobes The sensorimotor region emits 
waves with a frequency of from 20 to 25/sec , 
the anterior frontal areas give out waves at the 
rate of from 8 to 5/sec 

The a. rhythm occurs m the inattentive 
brain, as m drowsiness or light sleep, narcosis 
or when the eyes are closed, it is abolished by 
visual and other types of stimulus or by 
mental effort (e g , mathematical calculation) 
The A waves can be recorded very rarely from 
a normal adult while awake, but appear nor- 
mally during deep sleep or during the waking 
hours m early childhood Generally speaking, 
their presence in an adult, except during sleep, 
indicates some pathological process in the 
brain — tumor, epilepsy, raised intracranial 
pressure, mental deficiency, or depression of 
consciousness by toxic or other factors When 
present they tend to displace the a rhythm 
Neither the iS nor the A waves is affected by 
opening or closing the eyes 



Fig 9 93 Examples of spontaneous and evoked cortical activity A spontaneous single unit action potentials 
recorded from cerebellar cortex with a microelectrode The ' spikes represent the action potentials of a single 
neuron B Evoked single unit action potentials recorded from primary auditory cortex with a microelectrode The 
auditory stimulus (a click) was presented at the point in time represented by the dot The time delay between stimulus 
presentation and response represents the latency of the cortical response C Spontaneous slow wave activity recorded 
from the surface of the scalp with a gross electrode (the electroencephalogram) The subject was awake and relaxed 
with eyes closed The waves have a frequency of about 10/sec — the ot rhythm D, Evoked slow wave activity re- 
corded from the surface of the primary auditory cortex with a gross electrode The auditory stimulus was applied at 
the start of the trace 
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The EEG is affected profoundly by certain 
general states Hypoxia causes at first a mod- 
erate slowing of the rhythm, but as the oxygen 
lack becomes more severe large A waves ap- 
pear, with persistent and severe hypoxia the 
amplitude of the waves declines and may 
reach almost the vanishing point Hypogly- 
cemia causes an effect somewhat similar to 
that of hypoxia, when the blood sugar falls 
below about 40 mg %, A waves (1 to 3/sec ) are 
seen, though the a rhythm is not abolished 
entirely The effects of hypoxia and hypogly- 
cemia enhance one another, their summed ef- 
fects being much greater than the effect of 
each alone Hyperglycemia has little effect 
upon the cortical potentials Increase in carbon 
dioxide tension increases the rate, but reduces 
the amplitude of the waves Blowing off of 
CO 2 , as by overbreathing, has the opposite ef- 
fect 

Abnormalities of the electroencephalogram 
in brain tumor, especially of so-called silent 
areas of the brain, and m epilepsy, may be of 
diagnostic value 

However, the electroencephalogram may 
give misleading information as to the location 
of a brain tumor and a “normal” electroenceph- 
alogram in the presence of a brain tumor is 
not rare Epileptic seizures (see Chap 9) are 
characterized by pronounced departures from 
the normal rhythm In petit mal attacks, large 
slow waves appear about a second before the 
attack IS clinically manifest, and displace the 
previous rhythm Each large wave is followed 
by a sharp spike deflection (Fig 9 94) In the 

GRAND MAL SEIZURE 

MIGH WlUSl mi VM/CS 

towc ciom 

PETIT MAL SEIZURE 

FAST wve ANO SPIKE 

PETIT MAL 

mOMMUtittm SPIKE 

Fig 9 94 Electroencephalograms as recorded during 
three different types of epileptic seizure 


tonic stage of a grand mal seizure, waves of 
relatively high frequency (10 to 30/sec ) and of 
low voltage appear, but as the attack pro- 
gresses into the clonic phase these fast waves 
give place to slower and large waves which 
continue into the stage of stupor following the 
seizure A waves may be a prominent feature 
of the electroencephalogram of epileptics be- 
tween seizures Approximately one-third of 
epileptic adults have “normal” electroenceph- 
alograms 

THALAMOCORTICAL PROJECTIONS 

Thalamic pathways to the cortex may be 
placed in two categories the specific and the 
nonspecific systems (Fig 9 95) Projection fi- 
bers of the specific system originate in the sen- 
sory relay nuclei (e g , the geniculates and the 
ventral posterior nuclear group) and the asso- 
ciation nuclei (e g , pulvmar, lateral nucleus) 
and, in general, project directly to the cortex 
Typically these fibers show relatively little lat- 
eral spread in the cortex This is particularly 
true of fibers originating in the relay nuclei 
Consequently, electrical stimulation of re- 
stricted regions m these specific thalamic nu- 
clei results in a relatively discretely localized 
cortical evoked potential This evoked poten- 
tial has a latency of 1 to 5 msec If a specific 
thalamic nucleus is stimulated repetitively at 
a rate between 6 and 12 pulses/sec , cortical 
evoked responses to successive pulses may 
become larger These are called augmenting 
responses and they are limited to the specific 
sensory cortex 

The nonspecific thalamic nuclei such as the 
intralaminar group and nucleus reticularis give 
rise to a projection system considered to be the 
rostral portion of the ascending reticular acti- 
vating system This nonspecific thalamic 
system is widely distributed over the surface of 
the cortex, including those cortical areas to 
which the specific relay nuclei project Many 
of these nonspecific thalamic nuclei have not 
been shown to have any direct pathway to the 
cortex, the conclusion being that these nuclei 
send fibers to the cortex by an indirect, multi- 
synaptic pathway The exact nature of this 
indirect pathway remains to be clarified 

The specific and nonspecific systems are not 
independent, but interact with each other at 
all levels between the brainstem and cortex 
Many physiological and anatomical studies 
have shown that collateral fibers from the 
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somatic, visual, and auditory specific sensory 
systems enter the diffuse system m the brain- 
stem and thalamus Conversely, fibers pass 
from the centrum medianum, a nonspecific 
thalamic nucleus, to terminate in specific thal- 
amic relay nuclei (Nauta and Whitlock, 1954) 
Electrophysiological studies have shown that 
stimulation or extirpation of regions of either 
the specific or nonspecific systems will influ- 
ence the responses of the other system For 
example, recruiting responses recorded from 
primary visual cortex are increased in ampli- 
tude after destruction of the lateral geniculate 
(Hanberry and Jasper, 1953) This increase in 
the recruiting response recorded at primary 
sensory cortex has also been seen after destruc- 
tion of the other major thalamic sensory relay 
nuclei Moreover, the responsiveness of sensory 
cortex to specific afferent stimulation is modi- 
fied by the activity of the nonspecific projec- 
tions (Fig 9 95) A possible interpretation of 
these and many other related studies is that 
the activity of the nonspecific system controls 
the excitability of the cortex 

How the cerebral cortex, thalamus, and 
other levels of the central nervous system 
transmit impulses that lead to sensation is 
fully considered in section 8 of this textbook 
Consequently, only a brief account is needed 
here (Fig 9 96) 

SOMESTHETIC AREA OF THE 
PARIETAL LOBE 

The postcentral gyrus, i e , the band of 
cortex lying behind and including the posterior 
lip and wall of the fissure of Rolando (areas 3, 
1, and 2) is sensory in function and is known 
as the somesthetic area This band of sensory 
cortex turns over the upper border of the hemi- 
sphere, and extends down the mesial surface 
as far as the cingulate gyrus As in the case of 
the primary motor area, (see later), the sensory 
areas of the body are, in a general way, repre- 
sented mainly m inverted order, from the 
lowest part of the mesial surface to a corre- 
sponding part of the lateral surface (see Fig 
9 97) The order of this cortical representation 
conforms closely to that of the dermatomes, 
1 e , to the spinal innervation For example, the 
cortical sequence for the upper limb (monkey) 
is postaxial arm, occiput, ear, side of head, 
neck, shoulder (C2-C6), preaxial arm, forearm. 



Fig 9 95 Thalamo-cortical projections The labels 
show region of origin of diencephalic fibers projecting to 
cerebral cortex From E Walker as summarized by Pen 
field and Jasper 1 954 


wrist, hand, digits (C7, C8, Tl) This derma- 
tomal representation, however, is not in con- 
tinuous numerical sequence from head to tail 
For example, if the sensory band of cortex 
(which turns over the upper border of the hem- 
isphere) could be straightened out, it would 
appear quite clearly that the projection of the 
dermatomes from the upper thorax to the tail 
(thoracic 1 to caudal 4) is in an order the in- 
verse of that of the spinal segments, whereas 
the representations of the head and neck are 
not inverted, the cervical segments being rep- 
resented m ascending numerical order from 
above down, with the ophthalmic division of 
the fifth nerve following C8 (Fig 9 97) There 
is no obvious explanation for this arrangement 
Excisions of portions of the somesthetic cortex 
are followed by disturbances of cutaneous and 
kinesthetic sensations in the corresponding 
region of the opposite side of the body These 
subside to a greater or lesser degree with the 
passage of time 

Cushing (1909), and later, Penfield and his 
associates (see 1950, 1966) stimulated different 
parts of the somesthetic areas in conscious pa- 
tients, sensations on the contralateral half of 
the body were experienced, their locations 
bearing a constant relationship to the point 
stimulated. 

The sensory area of the cortex is not con- 
fined to the postcentral gyrus, but extends 
forward into the precentral gyrus Penfield and 
his associates found that 25% of stimulations 
of the latter area in patients caused a sensa- 
tion, with or without a motor response On the 
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Fig 9 96 Outline of pathways by which sensory 
impulses ascend from spinal cord through brainstem to 
thalamus and thence to somesthetic areas of parietal 
cortex 

other hand, 20% of stimulations of the postcen- 
tral gyrus gave a motor response, instead of or 
accompanied by a sensation Moreover, abla- 
tions of postcentral areas cause motor defects 
which are not due simply to loss of kinesthetic 
sense It appears that the precentral and post- 
central areas are knit together by connecting 
neurons, and are so interrelated functionally as 
to be called appropriately, taken as a whole, 
the sensorimotor area 

The extent of the sensory representation in 
the postcentral gyms is a function of the 
number of sensory fibers reaching the cortex 
from a given region It is greatest for those 
parts of the body which are of most impor- 
tance m acquiring information concerning sur- 
rounding objects Thus, in man and in the 
monkey the cortical area for the hand and arm 
IS larger than that for the tmnk or leg A large 
facial representation m man is in keeping with 
the generous sensory innervation provided to 
the face by the three divisions of the trigem- 
inal nerve 

Somatic sensation as well as the visual and 


auditory senses have a double representation 
in the cortex of each hemisphere This dual 
somatic representation was first observed by 
Adrian (1940), in the case of the claws of the 
cat The somesthetic area described above and 
long recognized, is now called the ‘‘primary” 
sensory area, or, as Woolsey (1958) has sug- 
gested, somatic area I The more recently dis- 
covered sensory area is called somatic area II 
Corresponding terms for the dual visual and 
auditory areas are employed, namely auditory 
and visual areas I and II Somatic area II lies 
in the upper wall of the Sylvian fissure, that is, 
below the face area of somatic area I, which is 
much larger in extent The order of representa- 
tion in sensory area II is the inverse of that m 
sensory area I, the face being above the arm in 
the upper part of the wall of the fissure with 
the foot at the bottom The significance of the 
dual cortical representation is unknown 

THE TEMPORAL LOBE 

The primary cortical center for hearing is 
situated in the transverse gyms of Heschl lying 
in the floor of the lateral cerebral (Sylvian) fis- 
sure, and an adjoining small area of the supe- 
rior temporal gyms Fibers from the medial 
geniculate body reach this auditosensory area 
(area 41) via the posterior limb of the internal 



Fig 9 97 Sensory homunculus Diagram illustrates 
the region of the body from which sensory fibers enter 
the cortex at each location (Penfield and Rasmussen, 
1950) 
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capsule, they constitute the auditory radiation 
In the auditosensory area the fundamental 

auditory sensations— intensity, and pitch are 

appreciated The area is bilaterally repre- 
sented Equihbratory sense is represented m 
the posterior part of the first temporal convo- 
lution Stimulation of this region in conscious 
patients causes dizziness or nausea, a sense of 
swaying, failing, or of rotation 

THE OCCIPITAL LOBE 

The gray matter forming the walls of, and 
surrounding the calcarine fissure (on the 
medial aspect of the occipital lobe) constitutes 
the primary cortical center for vision— the vi6- 
uosensory area From the broad stripe of Gen- 
nan which can be seen with the naked eye this 
area is commonly known as the area striata or, 
following the numerical terminology, as area 
17 It IS considered m more detail in section 8 
Its histological features have already been 
touched upon 

The second visual area wherein the visual 
sensations are interpreted and integrated into 
more complex perceptions is contiguous to the 
area striata and lies on the lateral aspect of the 
occipital lobe {area 18) 

Stimulation of the anterior part of the lat- 
eral surface of the occipital lobe causes conju- 
gate deviation of the eyes to the opposite side 
(occipital motor eye field, area 19) In man, 
visual hallucinations, such as, flashes of light 
of different colors, or definite images have 
been evoked by the electrical stimulation of 
area 18 or 19 

SENSORY FUNCTIONS OF ASSOCIATION 
CORTEX 

Sensory stimuli produce evoked responses at 
a number of cortical regions other than pri- 
mary sensory cortex These regions have been 
described m the cat as the anterior part of the 
sigmoid gyrus and the suprasylvian gyrus 
(Albe-Fessard and Rougeul, 1958). In the mon- 
key, the corresponding areas have been de- 
scribed as superior temporal cortex, superior 
frontal cortex and parietal association cortex 
(area 6) (Albe-Pessard et al , 1959) These re- 
sponses are particularly evident m the unan- 
aesthetized animal or m animals anaesthetized 
with chloralose They are more labile than 
primary sensory responses, showing wide vari- 


ations in magnitude of response to repetitions 
of the same stimulus When stimuli are re- 
peated, responses in association cortex will fail 
to appear at every stimulus if the repetition 
rate is higher than approximately 5/sec On 
occasion several seconds or minutes may be 
required for full recovery of response ampli- 
tude 

One of the outstanding characteristics of 
association cortex is the diversity of stimuli 
that converge on these areas For example, a 
single cortical electrode may record responses 
from stimulation of many different regions of 
the surface of the body Localization seems to 
be poor m contrast to the relatively high de- 
gree of specificity seen in primary sensory 
cortex Stimulation of a variety of sensory 
modalities will also produce responses at one 
region Auditory, somatic, and visual stimuli 
may produce evoked responses from a single 
electrode location In addition to this overlap- 
ping of fields m association cortex, there is 
also interaction of these sensory modalities 
(Berman, 1961) Studies of the responses of 
single neurons with microelectrodes (Amas- 
sian, 1954) have shown that a single unit in 
association cortex will respond to stimulation 
of any of the limbs or to stimulation of other 
modalities 

Electrophysiological study of the pathways 
by which sensory impulses reach association 
cortex have shown that responses remain after 
ablation of the relevant primary cortical sen- 
sory areas (Albe-Fessard and Rougeul, 1958) 
and after extensive destruction of the mesen- 
cephalic reticular formation (Buser et al , 1959) 
Coagulation of the centrum medianum of the 
thalamus, however, will abolish the sensory 
evoked responses in the association cortex ipsi- 
lateral to the lesion (Albe-Fessard and Rou- 
geul, 1958) Electrical stimulation of the cen- 
trum medianum will also elicit short latency 
responses m those regions defined above as 
association cortex On the basis of such evi- 
dence, Albe-Fessard concluded that the sen- 
sory input to these cortical areas arrives 
largely via the centrum medianum 
Experiments m which chronically implanted 
electrodes were used to record evoked re- 
sponses m association cortex m unanaesthe- 
tized, behaving cats have shown a number of 
relationships between amplitude of evoked 
response and various behavioral activity 
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(Thompson and Shaw, 1965) Response ampli- 
tudes recorded at suprasylvian gyrus as a re- 
sult of visual, auditory and somatic stimuli 
(light flash, click, and forepaw shock) are de- 
creased when the animal is active, relative to 
amplitudes in the resting state Novel stimuli 
m any of these modalities will reduce the mag- 
nitude of response evoked by stimulation in 
any of these modalities Response amplitude is 
also decreased when the animal orients toward 
a stimulus These results indicate that evoked 
responses m association areas are modified by 
activity in other parts of the central nervous 
system 

Cortical Motor Mediamsms 

PRECENTRAL CORTEX 
OF THE FRONTAL LOBE 

Area 4 is a tapering strip of agranular cortex 
lying with its wider end at the upper border of 
the hemisphere, in front of the central fissure 
(Rolandic), and occupying the posterior part of 
the precentral convolution A good part of this 
area is buried, for it covers the anterior wall of 
the central fissure It also turns over the upper 
border of the hemisphere and extends down 
the mesial aspect as far as the cingulate sulcus 
Area 4 is a center for control of movement It 
gives origin to an important part of the corti- 
cospinal tracts, and also projects to the pons 
(frontopontine tract), corpus striatum, red nu- 
cleus, thalamus, and the subthalamus Area 4 
and area 6 just ahead of it are connected by 
mtracortical fibers The muscles of the various 
parts of the body are represented in area 4 on 
the mesial and the lateral surfaces, in an order 
similar to sensoi^ representation in the post- 
central gyrus It is, m general, the inverse of 
that in the body itself, namely, toes, ankle, 
knee, hip, trunk, shoulder, arm, elbow, wrist, 
hand, fingers, brow, eyes, face, larynx, jaw, and 
tongue (Fig 9 98) The parts of the face are not 
inverted By suitable electrical stimulation of 
different parts of this area, movements of 
muscles on the opposite side of the body can 
be evoked 

The careful studies of Woolsey (1958) on the 
monkey suggest that the distal parts of the 
extremities, i e , the hands and feet, are repre- 
sented near the central fissure while the more 
proximal joints, i e , shoulders and hips, and 
the trunk, are represented somewhat more 



Fig 9 98 Motor homunculus Region of origin of 
cortical control of parts of the body as determined by 
electrical stimulation (Penfield and Rasmussen 1950) 


anteriorly With suitably controlled stimuli 
discrete movements limited to a small part of 
the extremity or even to a single muscle may 
be elicited Although most of the control of the 
precentral cortex over the muscular activities 
of the body is exerted contralaterally, there is 
also some control over muscles on the same 
side of the body This ipsi lateral innervation is 
greater m the proximal joints of the extremi- 
ties than in the distal parts and is greater in 
the lower than m the upper extremity Fur- 
thermore, this ipsilateral innervation by the 
precentral motor cortex is greater in monkeys 
than in man 

A study by Chang et al (1947), who recorded 
movements of single muscles, indicates that 
individual muscles can be stimulated at the 
cortical level There are, however, certain curi- 
osities about the movements induced by such 
stimulation Chang and his associates suc- 
ceeded in recording contractions of single 
muscles in a reproducible fashion because they 
strictly controlled both the condition of their 
anesthetized animals and the circumstances of 
the stimulation If stimuli are applied more 
casually to the motor cortex, one finds less 
constant results For instance, the nature of 
the motor response obtained from a given elec- 
trode placement may change if the frequency 
or strength of the stimulation is altered Sec- 
ond, the response often depends upon the ini- 
tial position of the limb, if a limb is passively 
flexed, stimulation may give extension, 
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whereas if it is previously extended the same 
stimulation may yield flexion Third, if the 
site of stimulation is gradually moved along 
the gyrus, the response has a tendency to “fol- 
low” the movement of the electrode, so that 
eventually a contraction of arm muscles, for 
example, may be obtained from what is ordi- 
narily the motor area for leg This shows that 
there is a difference between motor representa- 
tion in the grey substance of the spinal cord, 
on the one hand, and in the cerebral cortex 
Spinal motor neurons are mvanently con- 
nected to a given muscle, cortical neurons, on 
the other hand, seem to connect with vari- 
ous pathways, the nature of the connection de- 
pending upon many different factors It is only 
when all such factors are maintained constant 
that completely uniform results can be ob- 
tained from stimulation of the motor cortex, 
especially in laboratory primates and in 
human subjects Granit ( 1970) has called the 
population of motor cells that can evoke con- 
traction of a given muscle a “colony ” 

A supplementary motor area (Fig 9 99) on 
the medial surface of the hemisphere m both 
man and monkey lies anterior and ventral to 
the primary motor area described above (Pen- 
held and Welch, 1951, Woolsey, 1958) In it 
the entire body is again represented The head 
and upper extremity are represented farther 
forward and closer to the edge of the hemi- 
sphere while the lower extremity is repre- 
sented more posteriorly and nearer to the 
corpus callosum The threshold of this supple- 
mentary motor area is somewhat higher than 
that of the primary motor area 4 The function 
of this supplementary area has not yet been 
well defined 

The corticospinal fibers arise from the pre- 
central gyrus (area 4 m the monkey) but not 
from area 6 (Verhaart and Kennard, 1940) Yet 
both of these areas do give rise to fibers which 
descend directly or indirectly to subcortical 
centers (eg, basal ganglia, thalamus, reticular 
formation, pontine nuclei, etc ) This means 
that the ablation of areas 4 or 6 is not the same 
as section of the cerebral peduncle or the med- 
ullary pyramid, neither will a cortical lesion 
give rise to a clinical picture typical of destruc- 
tion of the motor pathways through the basal 
ganglia, etc 

Neural Deficits Following Cortical Le- 
sions. Cat or Dog. Destructive lesions of the 
various parts of the precentral motor cortex 



Fig 9 99 Human motor cortex Primary motor area 
(4) IS surrounded by areas that are also electrically ex- 
citable Supplementary area is on medial surface of 
hemisphere {Penfield and Rasmussen 1950) 

have certain important characteristics If one 
bilaterally removes the excitable motor cortex 
(the sigmoid gyrus) from both hemispheres of a 
dog or cat, or even if all the cerebral cortex is 
removed, the animal is not completely para- 
lyzed It can sit, stand, walk, or run almost 
normally, as noted in the preceding chapter 
The deficits it shows are in the more stereo- 
typed reactions that have been called placing 
and hopping reactions These deficits have 
been analyzed by Bard and Brooks (1934) as 
follows 

Placing Reactions 1) It a cat is held in mid- 
air with legs dependent and chin held up so 
that it cannot see anything below or m front, 
contact of the backs of the forepaws with the 
edge of the table is followed by a quick move- 
ment of the limbs which brings the paws, pads 
down, precisely upon the surface of the table 
2) If the forelimbs of a cat are held down while 
the chin is brought in contact with the table 
near its edge, the forepaws when released are 
instantly raised and placed upon the table be- 
side the chin This movement is usually fol- 
lowed by extension of the limbs and the as- 
sumption of a standing position 3) If the fore 
or hind limbs of a cat standing or sitting upon 
a table are pushed over the table’s edge, they 
are immediately lifted and placed in their 
ongmal positions 4) If one abducts, without 
holding, the limb of a standing cat, it is in- 
stantly returned to its previous position 5) If a 
blindfolded cat is suspended in the air with 
forelimbs free, and its head brought toward 
some obstacle, at the instant that the vibrissae 
come into contact with the object the forepaws 
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are raised and accurately planted upon the 
surface of the object The first three of these 
reactions are due to stimulation of receptors 
upon the body surface (exteroceptors) and 
probably also of proprioceptors in muscles and 
tendons The fourth is a purely proprioceptive 
reflex, the last is initiated from tactile recep- 
tors 

Hopping Reactions They involve limb move- 
ments that serve to maintain the standing 
position against any force acting upon it in a 
horizontal plane When, for example, a cat 
held so that its body is supported upon one 
fore or hind limb is then pushed in one or 
other direction, the supporting limb hops 
quickly in the direction of the displacement, 
the foot being kept directly under the corre- 
sponding shoulder or hip The hopping reac- 
tions are probably dependent upon myotatic 
(stretch) reflexes 

The placing and hopping reactions are con- 
trolled from the sensorimotor areas of the cere- 
bral cortex Bard and Brooks found that re- 
moval of these regions from both cerebral hem- 
ispheres abolishes the placing reactions, and 
produces an extreme degree of deficiency m 
the hopping reactions Decortication (complete 
removal of the neocortex) produces no greater 
deficiency The control exerted by the cerebral 
cortex is entirely contralateral, i e , the compo- 
nent movements of the reactions on one side of 
the body are governed solely by the opposite 
side of the brain 

Cortical Lesions m Monkeys or Man. If 
the precentral motor cortex is removed from 
both hemispheres of a monkey, the neural def- 
icit IS more severe than m a cat But over a 
period of months a considerable recovery is 
seen to the point that, although movements 
are stiff, visually controlled purposive move- 
ment can take place There is, however, per- 
manent loss of what has been termed by 
Denny-Brown the “instinctive tactile grasping 
reaction” (1929) This reaction is described as 
an exploratory palpation which brings an ob- 
ject stimulating light touch into the palm or 
sole followed by “very facile” grasping Evi- 
dence from patients with lesions resulting 
from vascular accident, surgery, or head 
wounds indicates that although the ultimate 
deficit is clearly greater m man than in mon- 
key, a certain amount of recovery of function 
IS possible This recovery is believed to be due, 
in part, to a reorganization of remaining intact 


cortex Thus, in monkeys the subsequent re- 
moval of parietal (areas 3, 1, 2, 5, 7) or frontal 
(areas 9 to 12) cortex at some time after re- 
covery from an earlier ablation of areas 4 and 6 
increases the pre-existing motor deficit After 
recovery from localized lesions in hand area 4, 
hand movements can be evoked by stimulating 
an adjacent portion of area 4 which had not 
previously yielded hand movements (Glees 
and Cole, 1950) However, the ability of totally 
decorticate cats to move quite well within a 
short time after surgery indicates that there 
may be also a subcortical participation in re- 
covery of function In general, the possibility 
of recovery of function decreases with age and 
a higher position on the phylogenetic scale 
Recovery is enhanced by good postoperative 
care, and training and time 

Whereas m the cat and dog the unilateral 
removal of the motor cortex, or even the re- 
moval of all the cortex from one cerebral hemi- 
sphere, causes little motor disturbance, in 
the monkey there is an initial flaccid paralysis 
of the contralateral limbs Within a few days 
when the animal is again able to stand and 
run, the extremities contralateral to the hemi- 
decortication are more awkward than the 
normal ones In jumping the animal may miss 
the bars of his cage occasionally with the in- 
volved digits, and often rests on the backs of 
the fingers or toes rather than on the palmar 
and volar surfaces as the normal animal does 
So long as his normal extremities are available 
he seldom uses the involved ones to pick up 
food, but he can do so in case of necessity 
This means that, although the contralateral 
extremities are not normal, they are far from 
being paralyzed Naturally one asks what is 
the source of the innervation of these extremi- 
ties There can be little doubt that it is from 
the intact ipsilateral cerebral hemisphere, for 
if it IS removed, the animal not only becomes 
paralyzed in the extremities contralateral to 
the new operation, but also in those affected 
by the original decortication as well In 
keeping with this interpretation is the evi- 
dence that Ipsilateral movements, particularly 
in the lower extremity and particularly m the 
more proximal joints could be produced by 
electrical stimulation of the precentral motor 
cortex (Holmes, 1909, Bucy and Fulton, 1933) 
In man the situation is similar but not iden- 
tical If the precentral motor cortex is removed 
from one hemisphere the contralateral extrem- 
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ities are incapacitated but not completely par- 
alyzed In some cases a slow and rather weak 
simultaneous flexion of all the digits of the 
hand can be produced voluntarily Movements 
at the shoulder and elbow and at the hip and 
knee are much fuller and stronger In the 
upper extremity the flexor movements tend to 
be better, whereas in the lower extremity ex- 
tension at both the hip and knee is more ex- 
tensive and stronger than flexion Movements 
such as these reflect the different functions of 
upper and lower extremities in man The arm 
and hand are primarily prehensile, designed to 
bring things to the individual or to pull him to 
them The leg, by contrast, is used for 
standing and walking, primarily as a sup- 
porting pillar The fact that the toes and foot 
cannot be moved is of relatively little impor- 
tance to a patient who is able to move the ex- 
tremity at the knee and hip, and so to walk in 
a very useful fashion, even though he limps 
and has to circumduct the involved foot with 
each step Evidence is not available to explain 
residual or recovered function after cortical 
injury m man, nevertheless, it seems likely 
that the ipsilateral cerebral hemisphere plays a 
role For instance, in a few human cases in 
which the upper part of the precentral motor 
cortex has been destroyed bilaterally by a 
tumor or by injury, both legs have been para- 
lyzed If the movement in the lower extremi- 
ties seen in hemiplegics were produced by the 
subcortical centers, then such a paraplegia 
would not be expected as the result of purely 
cortical lesions Furthermore, Bates has been 
able to produce ipsilateral movements by elec- 
trical stimulation of the medial surface of the 
cerebral hemisphere m man 
Characteristics of Areas 4 and 6. As noted 
above, there are differences m function be- 
tween the various parts of the precentral motor 
cortex Lesions of area 4 produce more severe 
and more specific deficits than do lesions of 
area 6 If area 4 is removed from the precentral 
motor cortex of monkeys bilaterally, leaving 
area 6 on one or both sides, the animal is still 
able to walk, sit, climb, and feed himself but 
the movements are limited and awkward and 
reside more about the proximal joints than m 
the digits (Bucy and Fulton, 1933) Similarly, 
if the medullary pyramids on the under surface 
of the medulla oblongata are sectioned in the 
monkey, the fine, delicate, precise movements 
of the digits are lost but crude awkward move- 
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ments of the extremities, particularly those 
which are more stereotyped and which are re- 
lated to standing, to progression, etc , are 
retained (Tower, 1940) Likewise, and some- 
what surprisingly, destruction of the cortico- 
spinal fibers in the cerebral peduncle in man 
does not completely paralyze the contralateral 
extremities, nor is such an operation neces- 
sarily associated with the severely incapacitat- 
ing hemiplegia of a destructive lesion in the 
motor cortex or in the internal capsule (Walker, 
1952, Bucy, 1957) These patients are able to 
walk and to use their upper extremities for 
many useful purposes Although final decisive 
proof is lacking it seems probable that these 
voluntary movements present in the absence 
of the corticospinal fibers are produced over 
the multisynaptic system of the precentral 
motor cortex and the basal ganglia and other 
subcortical centers functioning together. 

Another technique for studying the function 
of these regions is to remove all other parts of 
the precentral cortex and then to stimulate 
areas 4 or 6 in the absence of the other parts 
When this is done in a monkey the stimulation 
of either area 4 or 6 on a single side is capable 
of producing what appear to be useful move- 
ments m any of the four extremities This, 
again, verifies the ipsilateral as well as the 
contralateral nature of motor control It further 
demonstrates that this control may be exerted 
via the pyramidal i e , corticospinal, pathway 
from area 4, or via extrapyramidal, multisynap- 
tic pathways from area 6 

Only one reflex is clearly altered after de- 
struction of the corticospinal tract from the 
precentral gyrus If the “foot"’ area in the up- 
permost part of area 4 on the medial surface of 
the hemisphere is destroyed or if the cortico- 
spinal fibers to the muscles of the great toe are 
divided a positive sign of Babmski, dorsi- 
flexion of the great toe, can be elicited by 
stimulation of the skin of the sole of the foot 
The normal response to this stimulus is ventn- 
flexion of the toe Destruction of other parts of 
the precentral region or section of other corti- 
cospinal fibers, of course, does not have such 
an effect 

Irritative lesions involving area 4 give rise to 
localized clonic convulsive seizures The con- 
vulsive movement usually begins focally in 
some part of the body depending upon which 
part of area 4 is irritated There may be a lo- 
calized twtichmg of the face, or of one or more 
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fingers, or of the foot or of the leg This con- 
vulsive movement may remain localized or it 
may spread to neighboring parts of the body or 
even become generalized This “march” of the 
convulsive involvement is typical of what is 
known as a jacksonian epileptic seizure and is 
dependent upon a spread of the excitation m 
the motor cortex This subject is discussed 
in chapter 9, p 9-181 

The precentral motor cortex also appears to 
exert some control over various visceral and 
vascular activities, such as heart rate, vaso- 
motor activities, gastrointestinal motility, per- 
spiration Stimulation of the motor cortex may 
affect any of these phenomena under appro- 
priate conditions These changes are said to be 
similar to visceral and other responses that 
accompany muscular exercise 

Destruction of the precentral motor cortex 
(areas 4 and 6) results m a spastic hemiplegia, 
but this spasticity is less severe than that re- 
sulting from lesions at lower levels For exam- 
ple, the spasticity following lesions of the in- 
ternal capsule is m general greatei than that 
seen with cortical lesions In all probability 
this is due at least in part to some destruction 
in the basal ganglia, which is common with 
such lesions, as well as the destruction of the 
fibers descending from the precentral motor 
cortex The pattern of the increased tone, how- 
ever, is similar with hemiplegias of both cor- 
tical and capsular origin, i e , the increase in 
tone in the upper extremity is in the flexor 
muscles With severe lesions at the mesence- 
phalic level it IS common to see spasticity even 
greater than is commonly seen with capsular 
or cortical lesions but the pattern in both the 
upper and lower extremities is an extensor 
one If the lesion is in the spinal cord, one may 
see either a paralysis with very severe extensor 
rigidity or a paraplegia m flexion, as has been 
discussed elsewhere 

Grasping Movements and Tome Innerva- 
tion. Involvement of the anterior part of the 
precentral motor cortex, i e , of area 6, is not 
uncommonly associated with a group of phe- 
nomena to which various terms have been ap- 
plied, e g , “forced grasping and groping,” 
“grasp reflex,” “tonic innervation,” and so 
forth A description of these phenomena fol- 
lows 

2) Merely touching the skin between the 
finger and thumb with a pencil results in slow 
flexion of the fingers If the stimulating agent 


IS withdrawn gently without disturbing the 
position of the patient’s fingers no tightening 
of the grasp results but his hand and arm 
sometimes move through space (grope) m the 
direction of the moving object, as if drawn by 
a magnet 

2) When an object is placed in the involved 
hand of the patient the fingers close slowly 
and gently around it, but any attempt made 
by the observer to withdraw the object may 
evoke a grasp refiex m which the object is 
grasped more firmly Nevertheless, when the 
patient clenches his empty fist he can relax 
the fingers again without difficulty 

3) Any attempt to bend the arm or leg is 
met by an active resistance exerted by the 
antagonistic (stretched) muscles, this differs 
from the resistance offered by the ordinary 
spastic limb in that there is no sudden giving 
way with a “clasp-knife effect ” 

The gentle grasp and the groping move- 
ments just described (see 1) above) are volun- 
tary and not reflex acts Although they are 
automatic m nature and are taken to indicate 
deterioration of the psychomotor functions, the 
patient can prevent their occurrence if asked 
to do so They disappear m stupor or m coma 
The gentle grasping movement follows tactile 
stimuli alone or visual and tactile stimuli 
acting together The groping movements can 
be elicited by visual stimuli alone but not by 
tactile stimuli alone 

These responses have also an involuntary 
component that depends upon a tome innerva- 
tion (Walshe and Robertson, 1933), originating 
as stretch reflexes The strong grasp when an 
attempt is made to remove an object from the 
hand is an example of this reflex It is quite 
distinct from the gentle grasp movement, and 
results from the passive stretching of the flexor 
muscles of the fingers as the observer attempts 
to extricate the object The patient cannot 
relax the grasp and release the grasped object 
It occurs in the unconscious patient The grasp 
reflex is most pronounced when the patient is 
on his side and the affected arm uppermost 

Richter and Hines (1934) produced the 
“tonic grasp reflex” m adult monkeys by re- 
moval of area 6 Excision of the motor areas or 
the prefrontal areas from both hemispheres 
did not cause the effect A similar reflex is 
present in normal infants, it is sufficiently 
strong to suspend the body from a bar for 2 
min A grasping reflex has also been described 
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for the toot in lesions of area 6, it occurs m the 
normal infant up to the end of the first year and 
IS elicited by stroking the sole 

Other Prefrontal Areas Area 8, called the 
frontal eye field, lies in front of area 6 Stimu- 
lation of the cortex here causes a conjugate 
movement of the eves and turning of the head 
to the opposite side, opening and closing of the 
eyelids, and sometimes dilation of the pupils 
and lacrymation No visual hallucinations 
occur in man, but an epileptiform seizure may 
be provoked which spreads to the adversive 
field (area 6) Ablation of area 8 of one side in 
monkeys or involvement of this area or its 
projection fibers in man causes the eves to be 
turned up toward the side of the lesion, and 
paralysis of the conjugate eye movement 
These effects are temporary The animal in 
walking will circle toward the side of the le- 
sion No abnormalities are observed m the 
pupils or in the movements of the lids This 
area receives fibers from the dorsomedial nu- 
cleus of the thalamus, through which it is con- 
nected with the hypothalamus It also connects 
by long association tracts, both afferent and 
efferent, with the occipital lobe (visual area, 
18) and with the tegmentum of the midbram 
(probably with the oculomotor nuclei) 

Area 4i m the region of the posterior part of 
the frontal operculum m the dominant hemi- 
sphere (which is the left m right-handed per- 
sons) is the motor area for speech (Broca’s 
area) Stimulation of this area m conscious 
patients causes their speech to be abruptly 
arrested Cortical mechanisms of speech are 
discussed in chapter 8 

PREFRONTAL OR ORBITOFRONTAL 
REGION 

The prefrontal region embraces the part of 
the frontal lobe in front of areas 8 and 44, but 
it includes the orbital as well as the lateral 
aspect of the lobe, and for this reason is also 
known as the orbitofrontal region (Brodmann’s 
areas 9, 10, 11, 12, 13, and 14) These areas 
were once thought to be mexcitable, and were 
therefore referred to as “silent” or association 
areas But upon stimulation by a suitable elec- 
tric current having pulses of low frequency, 
autonomic, respiratory, circulatory, renal, and 
gastrointestinal responses can be elicited 
After bilateral removal of these areas the blood 
pressure is reduced, gastric secretion sup- 
pressed, and gastrointestinal movements m- 


creased In man, suffering from intractable 
pam IS relieved These areas receive important 
fibers from the dorsomedial nucleus of the 
thalamus (Fig 9 100), which in turn receives 
impulses from the hypothalamus These orbi- 
tofrontal areas, especially those of the orbital 
surface, are also closely associated with the 
“hmbic system,” as described later 

Area 24, anterior part of the cingular gyrus 
on the mesial aspect of the hemisphere is a 
powerful suppressor area Various autonomic 
responses follow stimulation of this area in- 
cluding pupillary dilation, piloerection, accel- 
eration of the heart, and a tall m blood pres- 
sure Arrest of respiration m expiration also 
results 

Unilateral or bilateral removal of the pre- 
frontal area does not cause paralysis either m 
the monkey or in man Unilateral removal of a 
human prefrontal area produces a definite if 
rather subtle alteration in mental processes 
Some loss of initiative and mental alertness 
are the most outstanding results of the opera- 
tion Memory, judgment and intellect often 



Fig 9 100 Afferent (upper) and efferent i/ower) con- 
nections of prefrontal cortex seen from medial view A and 
M are anterior and dorsomedial nuclei of thalamus H is 
hypothalamo-hypophysial tract P is the periventricular 
system of fibers 
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show little or no deterioration Removal of the 
prefrontal area of the dominant hemisphere 
(i e , the left m right-handed and the right in 
left-handed persons) is sometimes thought to 
produce somewhat greater alterations in char- 
acter or intellect than does a similar operation 
upon the nondommant side Even the bilateral 
excision of prefrontal areas is followed by a 
surprisingly moderate mental defect, so far as 
superficial observation and examinations are 
concerned The fact that following a unilateral 
or even a bilateral prefrontal lobectomy a pa- 
tient may appear to be normal, however, and 
functions as a normal individual during casual 
associations, or passes the usual psychometric 
tests with flying colors does not mean that the 
frontal lobes are without important functions 
so far as mental activity and behavior are con- 
cerned If suitable testing is done, it is possible 
to determine with amazing accuracy the 
damage to the frontal lobes (Halstead, 1947) 
Many of these tests are based upon the ability 
of the patient to classify and categorize a large 
number of familiar objects and to recall them 
once they have been taken from him 

In an operation for the eradication of a tu- 
mor, Dandy excised the frontal lobes on both 
sides in front of the motor areas (reported by 
Bnckner, 1934) The subject of this extensive 
extirpation appeared to be of normal intelli- 
gence upon a casual acquaintance It is re- 
ported that for an hour he toured the hospital 
with two visiting neurologists who failed to 
notice m him any mental abnormality A more 
intimate knowledge of the patient, however, 
revealed very definite changes of character and 
mentality His mental age was about 13 years, 
his intelligence quotient 80 The main features 
shown by this subject can be taken as gener- 
ally representative of the effects of extensive 
prefrontal destruction They constitute what 
has been called the frontal lobe syndrome, as 
follows 

1) Lack of restraint leading to boasting, self- 
aggrandizement, hostility, aggressiveness 

2) Distractibility and restlessness, with dif- 
ficulty in fixing attention 

3) Hypermotility which appears to be due to 
the loss especially of area 13 on the orbital sur- 
face 

4) Flight of ideas, puerile fantasies, emo- 
tional instability, facetiousness, punning 

5) Lack of initiative, and difficulty in plan- 
ning any course of action 
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6) Impairment of memory for recent events 
but not for remote events 

7) Impairment of moral and social sense, 
loss of love for family 

d) Failure to realize, or indifference to, the 
seriousness of his condition, and a sense of 
well-being (euphoria) 

Another manifestation which may follow a 
prefrontal defect is a disturbance of orienta- 
tion in time and space The classical example 
of a severe prefrontal injury which resulted in 
surprisingly little mental defect, is the case of 
the American, Phineas Gage (1848), who suf- 
fered extensive damage of his frontal lobes by 
an iron tamping bar driven through his head 
by an explosion The bar penetrated the left 
orbit and emerged from the midlme of the 
head just anterior to the coronal suture He 
was stunned for only an hour and was able 
with assistance to walk to a surgeon’s office 
He lived for 12 years after the accident and 
showed in general these mental changes 

Chimpanzees which have had both pre- 
frontal areas removed show restlessness and 
are easily distracted, although they remain 
alert and evince a keen interest in things 
around them Fulton and Jacobson reported in 
1935 (see Fulton, 1951) that after this opera- 
tion chimpanzees failed to show temper tan- 
trums and other manifestations of frustration 
when they made errors in tests requiring the 
solving of problems or puzzles This observa- 
tion formed the basis for surgical attempts to 
relieve certain psychoneuroses m man, first 
employed by the Portuguese neurologist, Egaz 
Momz (1936) The operation, called frontal 
lobotomy, consists in severing the fibers con- 
necting prefrontal areas with subcortical cen- 
ters (probably the thalamus and hypothala- 
mus) More recently, with the introduction of 
the various drugs capable of reducing nervous 
tesnion and rendering an aggresive, agitated 
patient more tractable, the use of this type of 
operation has been greatly diminished 

Frontal Lobes and Intelligence. The devel- 
opment of the frontal lobes bears in general a 
direct relationship to the level of an animal in 
the phylogenetic scale and to its “intelli- 
gence ” This circumstance has led to the con- 
cept that this part of the cerebrum is the seat 
of the intelligence of animals and the “center” 
or “organ” of the mind of man Controlled 
observations, however, indicate that the con- 
cept IS not valid Following World War II it 
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was possible to study the effects of traumatic 
prefrontal injuries m a previously normal pop- 
ulation of men with known prem]ury intelli- 
gence test scores on the Army General Classi- 
fication Test (AGCT) Administration of the 
AGCT to these men 10 years after injury 
showed no decline m their teat scores (Wein- 
stein and Teuber, 1957) It seems clear, there- 
fore, that destruction of the prefrontal region 
does not produce any notable deficit m intelli- 
gence 

It seems probable that the prefrontal area 
represents a region of relatively high associa- 
tive or synthetic capabilities, required for the 
formulation of abstract ideas and accurate 
judgment, and for the guidance of conduct in 
conformity with social customs Here also are 
mainly located those mental processes relating 
to “prediction,’' forecasting, or to any planned 
action A person deprived of these areas may 
have little ability as a strategist, thus, a house- 
wife after the loss of these parts of the cortex 
experiences some difficulty in planning a 
meal Mental capacity according to this con- 
ception IS a function of the cerebral cortex as a 
whole rather than of any particular region 
(Lashley, 1929) 

Lateralization of Function 

Because the central nervous system seems to 
be bilaterally symmetrical m its organisation, 
and also because the cranial and spinal nerves 
innervate sensory or motor structures on one 
side of the body or the other, it is of some in- 
terest to inquire to what degree the two halves 
of the system are independent, and where they 
are necessarily interrelated At the level of 
primary sensory input and final motor output 
the two halves are all but autonomous, except 
for the fact that interconnections occur in 
spinal cord and brainstem such that the ac- 
tivity of the two halves is naturally integrated 
For example, ipsilateral flexor reflexes are ac- 
companied by contralateral extensor reflexes 
(chap 4) Moreover, there are many loci where 
artificial stimulation yields essentially bilat- 
eral responses Thus, Karplus and Kreidl 
(1910) and also Magoun et al (1938) noted that 
the autonomic responses elicited by hypotha- 
lamic stimulation are bilateral, as are respira- 
tory and other responses evoked from pontile 
and medullary tegmentum Commissural fi- 
bers across the midhne of cord and brainstem 


are plentiful, more than sufficient to account 
for these results 

Similarly, m the cerebrum the commissural 
fibers from one side to the other are one of its 
principal anatomical features Most of these 
fibers run in the corpus callosum, already 
mentioned as a component of the central white 
substance of the hemispheres Lesser numbers 



Fig 9 101 Midsagittal aspect of monkey brain show- 
ing mam structures involved in surgical bisection (Sperry 
1962) 



Fig, 9 102 Sketch indicating effects of midsagital 
division of optic chiasma (Sperry 1961) 



9-1 20 W E U L C Q' f\l f R 0 L 


T " t'/L' J 


Section 9 


> j 


are found in smaller bundles, including the 
anterior and suprachiasmatic commissures ros- 
trally, and the posterior and habenular com- 
missures caudally, with perhaps the massa in- 
termedia that unites the two halves of the 
thalamus (Fig 9 101) 

Some 15 years ago, Sperry and his associates 
at the California Institute of Technology (see 
Sperry, 1961) began a study of deficits in ani- 
mals m which the principal commissures of 
the cerebrum had been sectioned at surgical 
operation At the time of initiation of their 
research the function of the corpus callosum 
with its multitude of fibers was unknown 
They were able to study what happens when it 
IS cut because of the imaginative character of 
the tests they employed, most of them based 
upon the fact that the visual system is lateral- 
ized m its central connections Fibers that 
leave the retina to form the optic nerve par- 
tially decussate in the optic chiasm (sect 8, 
chap 4) As a result of this partial crossing the 
right side of the visual field, after registration 
upon the left half of each retina, is represented 
in the left lateral geniculate body and striate 
cortex, whereas the left half of the visual field 
IS carried to the right side of the cortex (The 
fovea IS represented bilaterally ) If the fibers 
that cross in the optic chiasm are cut, and if 
one eye is then covered, all visual sensation 
must be achieved in the cortex of the side of 
the brain on which the eye is functioning (Fig 
9 102) This makes it possible to make sure 
that visual information is reaching only one 
cortex, depending upon which eye is covered 

In their early experiments they discovered 
(Myers, 1959) that cats tested after section of 
the optic chiasm and with one eye covered 
were able to translate visual information to 
one side of the cortex into control of both sides 
of the body If the animal learned to perform a 
certain test with the right eye uncovered, it 
could do the same test with only the left eye 
uncovered When the major commissures were 
then cut at a second operation, however, in- 
cluding the corpus callosum, the animal lost 
the ability to transfer learning from one side to 
the other A task learned with one eye open 
proved to be a new task when presented via 
the other eye Later experiments on monkeys, 
baboons, and chimpanzees have in general 


confirmed the results obtained on cats They 
have shown, however, that the two halves of 
the cortex are not completely independent, 
after section of the corpus callosum and the 
major commissures either hemisphere is able 
to control either forelimb for either learned or 
unlearned behavior, presumably via crossing 
fibers m brainstem and spinal cord 
Similar observations have been made upon a 
limited number of human patients who have 
required operations m the region of the corpus 
callosum Their most notable deficit concerns 
speech, writing and language, where both the 
input and the output portions of the systems 
are lateralized Speech and related activities, 
such as reading and writing, are represented 
mainly in the cortex of one hemisphere (chap 
8, p 9-158) This has been known for centuries, 
inasmuch as cortical lesions of one side of the 
brain may affect speech, whereas similar le- 
sions on the other side leave it undisturbed 
The usual teaching is that the speech mecha- 
nisms are in the cortex of the side that con- 
trols the preferred hand— the so-called “domi- 
nant” hemisphere For right-handed persons 
this IS the left cortex Penfield and Roberts 
(1966), however, decided that speech is usually 
controlled from the left hemisphere no matter 
which hand the individual uses for skilled ac- 
tions Whatever the side, it is lateralized 
This lateralization of speech makes it pos- 
sible to test for interconnections between the 
two halves of the cortex in human subjects 
After section of the corpus callosum, if the 
subject with one eye covered is asked to fixate 
his vision on a point, brief stimuli can then be 
applied to other positions in his visual field so 
that information is conveyed to only one of the 
visual cortices Whether or not he is able to 
respond to this information via speech, writ- 
ing, or tests of comprehension is a test of in- 
terconnections between the two sides Under 
these conditions a patient may be unable to 
name objects that he sees in the left half of his 
field of vision, the half that is transmitted to 
the right visual cortex According to Gazzaniga 
(1970), this type of defect is also exhibited 
with reference to position sense when a subject 
is asked to describe the location of his left 
wrist, fingers, or toes 
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Many sections of this textbook contain de- 
scriptions of systems by which the several 
physiological processes are governed Neural 
and endocrine control of digestion, for exam- 
ple, IS reviewed m the appropriate context 
(sect 2, chaps 2 and 3) Similarly, the con- 
trol of circulation and of respiration is outlined 
where these topics are discussed (sect 3, 
chap 9, and sect 6, chap 4, respectively) 
Other examples are found in other sections of 
the textbook, including almost the whole of 
the treatise on endocrinology (sect 7) If con- 
trol systems are as common in physiology as 
this brief listing implies, perhaps it may be in- 
structive to bring together what is known 
about them so as to try to discover whether 
they have any general characteristics (see 
Yamamoto and Brobeck, 1965, Yamamoto, et 
al , 1969) 

Throughout this textbook the word, control, 
has been used with a meaning practically iden- 
tical with its general English meaning Regula- 
tion, on the contrary, is used technically to 
designate the maintaining of relative con- 
stancy of a variable by a system that includes 
a detector for the variable or some derivative 
of it, and a negative feedback of information 
from the detector to the controller mechanisms 
(chapt 1, p 9~18) 

Typical Regulations 

As Figure 9 103 illustrates, the several regu- 
lations of the body do have features in com- 
mon, and can be diagrammed m a similar 
manner On these diagrams each noun or 
phrase is a variable that can be measured, ei- 
ther physically or chemically, or as a sequence 
of nerve impulses having a demonstrable fre- 
quency, duration and pattern The arrows do 
not have a mathematical significance here, 
they simply mean, “is accompanied by,” 
“leads to,” “causes,” or “brings about” — that 
IS, they denote a certain logical relationship in 
time Thus, a decrease in the cardiac output 
IS accompanied by (or causes) a decrease m 
stretching of aortic walls, and this in turn 


leads to (is accompanied by or brings about) a 
decrease in the output of stretch detectors m 
the aortic wall and carotid sinus In these dia- 
grams the nature of the central computational 
processes is not specified They are repre- 
sented by Sherrington’s term, integration 

The similarities in these diagrams arise from 
a few basic principles of neural and endocrine 
physiology, as follows 

1) The nervous system controls contraction 
of all smooth and striated muscles, and the 
secretion of exocrine glands 

2) Both the nervous and endocrine systems 
function to give control at a distance, e g , by 
way of a digital-hke transmission, the nerve 
impulse 

3) The computation processes of the nervous 
system are brought about through infinitely 
graded degrees of stimulation or inhibition, 
(although synaptic transmission per se is 
quantal, see Katz, 1971) 

4) Higher controls tend to be more complex 
than lower ones 

5) No one type of control is independent of 
all others Thus, the overall pattern of controls 
includes priorities and compromises, 

6) The creation of a control loop by intro- 
duction of feedback from detectors may con- 
vert a control into a regulation 

The endocrine control systems share many 
of these characteristics, including the property 
of infinitely graded degrees of stimulation 
This particular property is a function of the 
cell membrane Moreover, many otherwise 
endocrine systems have at some stage a neural 
link, and vice versa For example, many of the 
endocrine mechanisms can be traced backward 
towards the origin of the control signals, back 
to the level of either the posterior or anterior 
lobe of the pituitary gland, which themselves 
are under the control of the hypothalamus —a 
neural control for the posterior lobe, and a 
neuroendocrine control for the anterior (Hams, 
1956) The neurons that maintain these con- 
trols are presumed to accept neural input from 
other regions of the brain and spinal cord, and 
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Fig 9103 Diagrams that illustrate how a change in the magnitude of a physiological variable becomes a change in potential that is detected by specialized cells They send 
signals to the nervous system as a result of which an effector response is created to alter the magnitude of the variable in an opposite direction This in turn alters the 
potential and hence the signal from detectors A simple feedback loop of this type will usually show oscillation 
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to convert this input into neural or endocrine 
messages transmitted to the lobes of the hy- 
pophysis (Fig 9 104) The hypothalamic neu- 
rons, therefore, are neuroendocrine trans- 
ducers (Wurtman, 1970) They have also an- 
other interesting property, in that they are 
sensitive to the concentration of pituitaiy hor- 
mones, perhaps in a specific fashion appro- 
priate to the nature of the system they control 
They may be sensitive also to more general 
changes, such as osmolarity, thermal gra- 
dients, or biochemical changes If their func- 
tion IS altered by, for example, the level of a 
circulating hormone, they may be designated 
as two-stage transducers, humoral-neural- 
humoral In the examples that at present are 
best known, the first of these stages is a nega- 
tive feedback For example, ovarian steroids 
seem to act upon the hypothalamus to sup- 
press neuronal activity, and hence the secre- 
tion of hypothalamic releasing substances, that 
ordinarily enhance secretion by the anterior 
pituitary gland 

One other property of these systems should 
be noted The hormones of the endocrine 
system not only have specific actions upon 
their control systems as feedback loops, but 



Fig 9 104 Drawing from photomicrographs of sagit- 
tal section through hypothalamus and pituitary gland 
where blood vessels have been injected with India ink 
Vessels that run along inferior surface of hypothalamus 
enter median eminence then contribute their blood to 
portal vessels distributed to pars distalis (anterior lobe) 
This portal system transports hypothalamic neurohumors 
to the pituitary gland 


they also have metabolic or other actions upon 
neurons in general This means that m the 
absence of a hormone, thyroxine, for example, 
many portions of the neural axis may show 
abnormal function Similarly, there is reason 
to believe that sex steroids have specific ac- 
tions as negative feedback upon control neu- 
rons m the hypothalamus, but also more gener- 
alized effects along the neural mechanisms 
responsible for behavior These possibilities of 
interaction and control can be summarized by 
two statements, as follows 

T) The central nervous system can exert a 
quick control of effector systems via neural 
messages, and also a slower and more pro- 
longed control of certain organs by way of the 
endocrine glands 

2) Similarly, the nervous system may gather 
information quickly from neural detectors, or 
in a slower and more prolonged fashion from 
the action of hormones or the influence of 
other types of generalized changes directly 
upon neuronal membranes and/or synaptic 
mechanisms 

CIRCULATION 

As Detweiler has indicated (sect 3), the 
quantities regulated in the circulation are ar- 
terial blood pressure, which is monitored as 
stretching of elements in walls of major arter- 
ies, and adequacy of blood supply m certain 
penpheral tissues, monitored as CO 2 tension 
(and pH) in, for example, skeletal muscle The 
latter, the constancy of local blood supply, is 
maintained almost entirely through local, pre- 
sumably non-neural mechanisms that alter 
smooth muscle tone of small blood vessels in 
response to accumulation of carbon dioxide 
The general arterial blood pressure, by con- 
trast, is preserved through a variety of mecha- 
nisms that control the following a) the force 
and frequency of the heart beat, and thus the 
cardiac output, h) the tone of vessel walls, 
both in arteries and veins, c) the degree of 
opening of arterioles through which blood flows 
out of the artenal system (this is the “periph- 
eral resistance”), and d) mechanical forces 
such as the action of gravity, the contraction of 
skeletal muscles, and the magnitude of intra- 
thoracic pressure, that affect the return of 
blood to the heart These mechanisms are con- 
trolled in large part by the autonomic nervous 
system, with participation of the somatic 
system and skeletal muscle, as in exercise, for 
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example, or in changes ot posture There is 
interaction ot these controls with those ot 
other systems Thus, blood gas partial pres- 
sures attect the ciiculation as well as pulmo- 
nary ventilation bv way ot detectors in the 
carotid and aortic bodies 

As noted m an earlier chapter, these periph- 
eral mechanisms can be stimulated artiticially 
in the medulla oblongata This is the level 
where the several reflexes are processed in re- 
gions known, respectively, as the cardiomotor, 
vasopressor, and v^asodepressoi mechanisms oi 
“centers ” They are resident in the reticular 
formation Similai stimulation evokes circula- 
tory changes from hypothalamus, and from 
prefrontal or orbital areas of the cerebral 
cortex (p 9-127) It is the hypothalamic locali- 
zation that is believed to be responsible for 
circulatory changes during exposure to heat or 
cold, and tor those associated with emotional 
expression m decorticate animals The hypo- 
thalamus IS also regarded as having an impor- 
tant role in the changes that occur m circula- 
tion during exercise (Folkow and Rubinstein, 
1965) The higher levels including the hmbic 
cortex (p 9-156) perhaps interact wuth the hy- 
pothalamus during emotional experience They 
may well serve also as components of feedback 
loops when exercise is initiated by cortical 
mechanisms One sees, therefore, that the cir- 
culation IS controlled by a complex of mecha- 
nisms distributed almost the full length of the 
neural axis (Korner, 1971) 

RESPIRATION 

Control of pulmonary ventilation depends 
upon the sensitivity of penpheral and central 
detectors to partial pressures of carbon dioxide 
and oxygen, and is effected through changes in 
respiratory minute volume — that is, changes in 
respiratory frequency and depth (von Euler et 
al , 1970) (Fig 9 103) Any illusion that the 
system is a simple one begins to disappear, 
however, when one moves from consideration 
of penpheral to central mechanisms The na- 
ture of the central interaction of chemodetec- 
tors and the pulmonary stretch receptors is not 
fully understood, although it is known to take 
place m the medullary reticular formation, 
presumably upon the membranes of inspira- 
tory neurons Moreover, the problem of how 
the respiratory rhythm is generated m the first 
place is unsolved As already noted, one possi- 
bility IS that It represents a signal generator 


function of central neurons, m which a tram of 
impulses IS modulated so as to create a second 
order rhythm by way of feedback loops (chap 
1, p 9-18) Control of pulmonary ventilation 
also interacts with other controls, for example, 
panting is a respiratory response to thermal 
stress Other interrelations are apparent 
during speaking, singing, or playing of a wind 
instrument, as well as with exercise and in 
sleep 

Another characteristic of the control of pul- 
monary ventilation is the powerful behavioral 
reactions that can be evoked as part of it Con- 
sider, for example, a subiect with his nostrils 
and mouth forcibly covered, or a subject held 
involuntarily under water, or m the presence 
of a gas such as ammonia, formaldehyde, or 
HCl I'he behavioral component of the regula- 
tion may supersede all other kinds of behavior 
The significant point is that regulations are 
not only automatic, involuntary, and reflex 
They may command the highest levels of the 
nervous system and include a great variety of 
patterns of behavior In the case of pulmonary 
ventilation, whereas the peripheral mecha- 
nisms and the reflex connections are reason- 
ably well known, and the properties and loca- 
tion of the brainstem neurons can be described 
in some detail, the genesis of the behavioral 
reactions is all but unknown 

WATER BALANCE 

Hypothalamic mechanisms control both the 
rate of water loss through the kidneys and the 
rate of water ingestion in drinking Water loss 
was the first of these to be analyzed experi- 
mentally (sect 5, chap 1) A disorder of this 
control has been known for centuries, the con- 
dition named diabetes insipidus, where a pa- 
tient involuntarily excretes a large volume of 
dilute (i e , ‘‘insipid”) urine, and m compensa- 
tion drinks a large volume of water daily 
Early experiments did not disclose the nature 
of the diabetes, because it was assumed that 
the effective lesion would prove to he either m 
the hypothalamus or m the pituitary gland 
Later experiments showed that both structures 
are involved (Fisher et al , 1938), because se- 
cretion of the antidiuretic hormone m the pos- 
terior lobe IS controlled by neurons of the su- 
praoptic nucleus (sect 7, chap 3) By perfus- 
ing the base of the brain with blood having an 
osmotic pressure either higher or lower than 
normal, Verney (1947) and others demon- 
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strated that this region contains a mechanism 
sensitive to water concentration in the extra- 
cellular fluid Whether the detector is, in fact, 
neurons of the supraoptic nucleus, or whether 
it lies near these neurons, or whether it is else- 
where and projects to these neurons is not en- 
tirely clear Cross and Green (1959), as well as 
Brooks and his associates (Koizumi, et al , 
1964), have recorded changes m single unit ac- 
tivity from this nucleus in correlation with 
changes in osmolarity (Figs 9 105 and 9 106) 
Moreover, cats with the hypothalamus re- 
moved except for an ‘‘island” that includes the 
supraopticohypophysial system do not exhibit 
diabetes insipidus (Woods and Bard, 1960) In 
any event, for control of water loss via the 
kidney this system is one that has two stages 
of transduction First, there is transduction of 
water concentration (“activity”) into nerve 
impulses, second, there is transduction of this 
neural activity into secretion of the antidi- 
uretic hormone (Dreifuss et al , 1971) 

A second kind of transduction evidently 
occurs within the major blood vessels, espe- 
cially the right atrium, where changes in hy- 
drostatic pressure bring about changes in se- 
cretion of antidiuretic hormone (Henry, et al , 
1956, Share, 1968) By these two systems the 
rate of water loss is made to vary in response 
to changes in the concentration of water in the 
extracellular fluid and the volume of this fluid 
as reflected m changes in central venous pres- 
sure 

Water Intake. For control of water intake 
the system contains additional detector mech- 
anisms and reflexes The first of these begins 
with perception of dryness in membranes of 
mouth and throat, as suggested by Cannon 
(1918) and later more fully described by Ep- 
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Fig 9 105 Action potentials from single neurons in 
supraoptic nucleus A, before injection of hypertonic 
NaCI solution B 30 sec after end of injection C 
1 min after D 3 min after (Koizumi et al 1964) 



Fig 9 106 Increased frequency of discharge of 
neurons of supraoptic nucleus (ordinate) during and after 
intracarotid injection of hypertonic sodium chloride 
solution (0 5 ml of 1 m NaCI solution) (Koizumi et al 
1964) 

stem and his associates (1964) The latter have 
found in rats that interruption of salivary 
ducts and extirpation of salivary glands leads 
to a condition where the animals must neces- 
sarily dnnk when they eat dry food, even 
though their general bodily state may not re- 
quire water A second mechanism is the water 
concentration in fluids of the body, and a third 
originates in the pressure -sensitive neurons of 
the great veins, as in the control of secretion of 
the antidiuretic hormone The fourth and last 
IS a mechanism recently discovered by Fitzsi- 
mons (1969) He observed that the amount of 
water drunk by nephrectomized rats is less 
than that taken by animals with occluded ure- 
ters, when conditions that induce drinking are 
imposed upon the animals From this he con- 
cluded that the kidney is placing m the circu- 
lation something that facilitates drinking The 
material that does this is renin, the enzyme 
that produces angiotensin II The most recent 
experiments have shown that angiotensin II 
induces drinking when it is perfused directly 
into the hypothalamus (Fig 9 107) 

Lesions in the lateral hypothalamus abolish 
drinking (Montemurro and Stevenson, 1955 
and 1956), except that arising from dryness of 
the mouth (Epstein and Teitelbaum, 1964) 
The latter can be interrupted by section of 
appropriate cranial nerves The ingestion of 
water is a more complicated form of behavior 
than those normally responsible for ventilation 
and other similar regulations It may involve 
really heroic effort for securing of water (Wolf, 
1958), or it may be as simple as the turning of 
an animal's head to a water spout for a brief 
period of lapping At some level in the neural 
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or neuroendocrine circuits some completely 
unknown mechanism creates an awareness of 
need for water At any instant, for example, 
any adult subject can state whether or not he 
feels thirsty This awareness is presumed to 
require cortical function, but there is no evi- 
dence as to the nature or locus of this highest 
level component In the hierarchy of mecha- 
nisms for regulation, water balance is some- 
where near the middle The body cannot sacri- 
fice either circulation or respiration as a device 
for preserving water balance, yet water is more 
vital to the body than temperature regulation, 
energy balance, or reproduction 

ENERGY BALANCE 

Still more complicated than the regulations 
heretofore described is the preservation of en- 
ergy balance This is assumed to be a regula- 
tion because of the constancy of its end 
product — body substance as measured by the 
body weight of an adult subject Mechanisms 
of gam of energy are known, in higher animals 
they are solely by way of food intake Mecha- 
nisms of energy loss are more diverse Energy 
can be lost as heat, or as work m a truly phys- 
ical sense — i e , in raising a weight or giving it 
a momentum Or energy can be stored within 
the body m the form of protein during growth 
or recovery from starvation, as carbohydrate 
(glycogen) during recovery from a brief fast, or 
as fat m almost unlimited quantities Because 
each of these categories of processes has been 
studied for many years, a large amount of in- 
formation IS available about all of them This 
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Fig 9 107 Water drunk {ordinate) by three rats as a 
function of amount of angiotensin {abscissa) injected 
I ntra cerebrally (Epstein et al 1970) 


BODY WEIGHTS, FOOD IhTTAKES AND RNAL BODY FAT CONTENTS OF 
PREYKXBUr FORCE FED RATS ALLOWED ACCESS TO FOOD 
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Fig 9 108 Two rats (566 588) that had been made 
obese by forced feeding ate a reduced amount of food 
when they were fed ad libitum until their body weight 
and estimated body fat concentration returned to the 
normal levels (Cohn and Joseph 1 962) 

IS not the kind of information needed, how- 
ever, to account for preservation of energy bal- 
ance. What IS needed is a knowledge of how 
the body— with variable levels of work output, 
under variable conditions of environmental 
temperature and humidity, yet at a given age 
and growth potential — how the body under 
these circumstances manages to adjust food 
intake so that body weight changes slightly or 
not at all 

The possibility that there is some overall 
system for this regulation is suggested by a few 
but convincing observations First, there is the 
common experience of adult men who find 
that their body weight is almost constant m 
spite of variations m activity, and often in the 
face of efforts to gam or lose Second, experi- 
ments by Cohn and Joseph (1959) proved that 
animals made obese by overfeeding would not 
eat a normal quantity of food until their body 
weight had returned to the control level (Fig 
9 108) Third, lesions in the hypothalamus may 
cause a failure of feeding (Anand and Brobeck, 
1951), or hyperphagia and obesity (Tepperman 
et al , 1941) Fourth, injury to the hypothal- 
amus will profoundly alter regulation of body 
temperature, and thus the energy converted 
into heat and lost from the body (see latex in 
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this chapter) Fifth, there is evidence that in- 
jury to the hypothalamus or the brain just 
ahead of it will either increase or decrease 
motor output as locomotion 

What has been said about the results of hy- 
pothalamic injury can be said in most in- 
stances m reverse about hypothalamic stimula- 
tion For example, if a lateral hypothalamic 
lesion abolishes feeding, stimulation of the lat- 
eral hypothalamus will induce feeding (Lei- 
bowitz, 1971) Again, if locomotor activity is 
abolished by lateral hypothalamic lesions, it 
may be induced by electrical stimulation of 
this part of the brain 

How the hypothalamus, either independ- 
ently or in collaboration with the limbic sys- 
tem, rhinencephalon, or other parts of the 
brain, integrates all of the processes required 
for energy balance is unknown At least three 
kinds of “sensation” are created — hunger-sa- 
tiety, warmth-cold, and tired-rested Receptors 
for the warm -cold pair are found m the skin 
and oronasal membranes, as well as in the ros- 
tral hypothalamus or preoptic region Where 
the other kinds of detection occur is not cer- 
tainly known With reference to the hunger- 
satiety state, the possibilities under considera- 
tion include the gut, liver, and hypothalamus 
(see sect 2, chap 1) 

Regulation of Body Temperature 

The temperature of many warm-blooded 
(homoiothermic) animals remains practically 
unchanged although the surrounding tempera- 
ture may vary between 0® and 60*^ C or up- 
ward On the contrary, the body temperature 
of a cold-blooded {poikilothermic) animal such 
as a frog, turtle, etc , is practically that of its 
environment during laboratory tests (Fig 
9 109) In natural conditions these latter ani- 
mals preserve an almost constant temperature 
by behavioral responses that include migration 
and hibernation 

The normal human body temperature re- 
corded from the mouth is usually given as 37° 
C, with the rectal temperature one degree 
higher The figure varies between individuals, 
ranging from 35 8 to 37 8° C orally Variations 
also occur in any one individual throughout 
the day — a difference of 1 0° or even 2 0° C 
occunmg between the maximum m the late 
afternoon or early evening, and the minimum 
between 3 and 5 o^ clock in the morning Tem- 



Fjg 9 109 Body temperature of five species of 
animals as a function of environmental temperature Du- 
ration of each exposure was 2 hr (Martin 1 930) 


perature of the several regions of the body 
depends upon whether they are major sources 
of metabolic heat (eg, liver, heart), or loca- 
tions where heat is given off (e g , skin, upper 
respiratory tract) (Fig 9 110) Strenuous mus- 
cular exercise causes a temporary rise m body 
temperature that is proportional to the se- 
venty of the exercise, the level may go as high 
as 40 0° C 

Stability of body temperature varies with 
the size of the body In small animals or in 
human infants where metabolic rate is rela- 
tively more intense and surface area relatively 
greater, the oral and even the rectal tempera- 
ture may vary through a range perhaps twice 
that of larger animals or human adults This 
reflects certain principles of the physics of 
heat storage and loss, rather than any inherent 
difference in the regulating system In a small 
body the amount of heat “stored” is a smaller 
fraction of the metabolic rate than in larger 
individuals In the latter the stored heat pro- 
vides an “inertia” that tends to counteract 
thermal changes Heat storage is a function of 
thermal capacity, which varies with body 
mass, heat loss, by contrast, vanes generally 
with surface area The most lucid account of 
these and other aspects of thermal exchange is 
the one in Kleiber’s monograph (1961) 

Under basal conditions when no external 
work IS being done, all the metabolic energy 
ultimately appears as heat, and amounts to 
approximately 1 kcal /kg of body weight/hr 
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Since the body is composed chiefly of water, 
and has a specific heat of a little less than one, 
the body temperature would rise about V 
CAir if no heat were lost externally With 
strenuous physical exertion more than three- 
quarters of the increased metabolism appears 
as heat within the body, the remainder is con- 
verted either to work or to heat in the external 
system Fever increases the metabolic rate by 
some 13% for each degree rise in mean body 
temperature (C) This change m metabolism 
corresponds to a temperature coefficient (Qio) 
of between 2 0 and 3 0 overall 

The body’s heat-regulating mechanisms are 
supposed to be in abeyance below an internal 
temperature of about 23° C, because the un- 
derlying neural mechanisms are suppressed 
The body then gams or loses heat like an inan- 
imate object The lower lethal temperature for 
the human is about 26° C, although lower 
temperatures have been induced with survival 
during therapeutic hypothermia Death is due 
to cardiac failure The upper lethal limit is not 
clearly defined, cases are recorded to have re- 
covered after attaining a rectal temperature of 
43 5° C Probably the average upper limit is 
about 43° C 


HEAT LOSS 

Heat is lost from the body through a) radia- 
tion, conduction, and convection from the 
skin, b) warming and humidifying of inspired 
air, c) evaporation of sweat and insensible per- 
spiration, and d) via urine and feces Of these 
several routes only a) and c) are directly under 
physiological control Radiation is responsible 
for about 50% of the total heat loss and 
convection for about 15% (Table 9 6) Urine 
and feces account for only about 2% or less of 
the total heat loss Most of the remainder 
(about 30%) IS lost m the evaporation of water 
These percentages are given for an average 
man doing light work with an overall energy 
exchange of about 3,000 kcal /day 

Radiation. The rate of cooling of any object 
vanes with the thermal gradient between its 
surface and objects in its environment This 
gradient can be altered by physiological mech- 
anisms that change skm temperature These 
mechanisms include the following adjustments 
in the blood- vascular system 

a) Redistribution of Blood By redistribution 
of blood flow the temperature of the skm may 
be adjusted from any temperature from about 


GM/HR C** 
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Fig 9 110. Graphs showing the influence of envifonmontal temperature upon rectal and skin temperature (with 
mean body temperature derived arithmeticafly from them) Metabolic rate rises during cold exposure mainly as a re- 
sult of shivering Vaporization nses in the heat mainly because of sweating Crosbie et al 1961 replotted 
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15^ C (during cold exposure) up to the central 
body temperature At ambient temperature of 
34*^ C the quantity of blood circulating through 
the skin may be as great as 12% of the cardiac 
output (DuBois, 1939) Scott, et al (1940) 
found that blood flow to the fingers could in- 
crease from 1 ml /mm /lOO gm of tissue to a 
figure of 80 or 90 ml /min upon exposure to 
heat Fingers, therefore, serve as highly effi- 
cient radiators of heat 

h) Variations in Blood Volume An unaccli- 
matized man is capable of increasing total cir- 
culating blood volume by about 10% m 2 to 4 
hr on exposure to heat of seventy sufficient to 
cause a diffuse cutaneous vasodilatation The 
blood IS diluted by fluid drawn into the circu- 
lation from the tissues, chiefly the skin, mus- 
cles and liver, cells are added from the spleen 
Hematocrit drops and concentration of plasma 
protein decreases The reverse changes occur 
during exposure to cold A sudden transition 
from a warm to a cool environment causes a 
rapid decrease of blood volume associated with 
a marked diuresis 

c) Increased Circulation Rate An increased 
cardiac output ensures a rapid blood flow 
through the dilated cutaneous vessels This 
increase and the enhanced blood volume pro- 
mote the transportation of heat from the inte- 
rior to the surfaces of the body and so enhance 
the loss of extra heat 

With reference to radiation of heat or in- 
frared radiation, the human skm of whatever 
“color’' functions as a nearly perfect “black 
body” in the physical sense (Hardy, 1949) In a 
standing posture about 85% of the total skin 


Table 9 6 

Partitioning of heat loss of a subject whose daily energy 
exchange is 3 000 kcal equivalent to a daily schedule 
that includes light work 


Kcal Per Cent 


a) Radiation, convection and con- 
duction 

1950 

65 

b) Evaporation of water from skin 
and lungs, and liberation of 
CO 2 

900 

30 

c) Warming inspired air 

90 

3 

d) Urine and feces (i e , heat of 
these excreta over that of the 
food and water) 

60 

2 

Total daily heat loss 

3000 

100 


area is exposed for heat radiation, the re- 
mainder being the opposed surfaces of, eg, 
axillae and other similar regions of the body 
The percentage exposed is increased during 
heat stress and decreased m the cold by pos- 
tural changes Clothing modifies radiant heat 
loss by altering the temperature of the surface 
where the heat exchange is occurring 

Convection The most important factor in- 
fluencing heat loss by convection is air move- 
ment For any given air temperature the loss 
increases with the square of the wind velocity 
up to 60 m p h , beyond this velocity there is 
httle further increase 

Evaporation of Water. It is obvious that 
the nearer the temperature of the environment 
comes to that of the blood the smaller will be 
the amount of heat lost by radiation and 
convection Above an ambient temperature of 
38° C the body gams heat by radiation from 
the environment This heat is then dissipated, 
together with heat produced within the body, 
by processes m which water is converted from 
a liquid to a vapor state at surfaces of the 
body The heat absorbed in evaporation of 1 
ml of water amounts to 0 58 kcal Even at or- 
dinary room temperatures when there is no 
obvious perspiration, the heat lost through 
evaporation from the lungs and skm amounts 
to about 17 kcal /hr This is approximately 
one-fourth of the basal heat production About 
two- thirds of this is lost from the skin as in- 
sensible perspiration, the remainder from res- 
piratory passages At higher temperatures the 
proportion of heat lost by vaporization of wa- 
ter, mainly from the skm, increases dramati- 
cally, so that at ambient temperatures above 
35° C it accounts for nearly all of the heat lost 
(Fig 9 110) 

In animals that pant a comparable increase 
in vaporization occurs via the respiratory 
system Rats enhance their heat loss by 
spreading saliva upon their fur (Hamsworth, 
1967) The rate of evaporation of this water is 
influenced inversely by the degree to which the 
atmosphere is already saturated with water — 
by its relative humidity This is why sweat 
drips instead of evaporating when the ambient 
air is humid A man can maintain a normal 
temperature m an atmosphere of over 100° C 
provided the air is perfectly dry On the other 
hand, m a damp atmosphere a temperature of 
50° C causes body temperature to rise rapidly 
Sweating. Sweat is a weak solution of so- 
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dmm chloride in water, together with urea and 
small quantities of potassium ion, other elec- 
trolytes, and lactic acid It has a specific 
gravity of from 1 002 to 1 003, and a pH 
varying from 4 2 to 7 5 The concentration of 
NaCl vanes from 50 to 1(K) mEq /liter When 
sweating is profuse the concentrations of elec- 
trolytes rise towards the higher of these values, 
whereas with acclimatization the percentage is 
said to decline Nevertheless, even after accli- 
matization the performance of strenuous exer- 
cise, e g , marching, may lead to electrolyte 
and water depletion If the water is replaced 
without salt, cramps occur in muscles of limbs 
and abdominal wall They can be relieved by 
administration ot NaCl tablets, or by assimila- 
tion of the electrolyte that is found naturally 
m most foods 

Control of Sweat Secretion The sweat 
glands, which number over 2,500,000 m a man 
living in a temperate climate, are cholinergic 
although their innervation is by means of post- 
ganglionic fibers of the thoracolumbar division 
of the visceral motor vsystem Sweating is con- 
trolled by mechanisms that are present in 
almost all levels of the nervous system For 
example, in the initial stages of muscular exer- 
cise sweating is appiirently initiated by the 
discharge of impulses from the motor cortex, 
inasmuch as it occurs before there is any sig- 
nificant increase in heat load Later on in exer- 
cise a rise in hypothalamic temperature acts 
upon detectors at the hypothalamic level (Fig 
9 111) Spinal centers exist for segmental con- 
trol of sweating, this can be demonstrated in 
quadriplegic patients who sweat reflexly in 
parts of the body innervated below the level of 
the transverse lesion of the spinal cord 

The few observations that have been made 
upon the secretion pressure of sweat indicate 
that it IS high, 250 mm of Hg or more Sweat 
IS therefore a true secretion and not simply a 
filtrate The rate of sweating may be really 
surprising, it may be as high as 1 6 liters an 
hour If it were all evaporated this would re- 
move over 900 kcal of heat from the body in 
each hour 

HEAT PRODUCTION 

When the environmental temperature is m 
the range between 28° and 31° C, the basal 
heat production can be dissipated to the envi- 
ronment by radiation, convection, and insen- 


sible vaporization of water by an unclothed 
male subject If the environmental tempera- 
ture IS lowered below these levels, loss by ra- 
diation and convection become progressively 
greater, and the mean body temperature falls 
because the periphery becomes cooler At a 
level of about 23° C (sometimes called the 
“critical temperature” for a nude subject) shiv- 
ering begins (Fig 9 112), and intensifies the 
rise in heat production that has occurred im- 
perceptibly as the temperature fell below 28° 
C (Fig 9 110) This rise m metabolic rate oc- 
curs principally in skeletal muscles as a result 
of increased tension, even before shivering is 
initiated When shivering is intense the overall 
heat production may be as much as three 
times greater than the basal rate It is evident 
that this IS a mechanism that is controlled by 
the somatic division of the nervous system, but 
that subserves an unconscious and automatic 
function m regulation of body temperature 
After the skeletal muscles are paralyzed by a 
drug such as curare, an animal loses the power 
to maintain a normal temperature m a cold 
environment Its ability to dissipate extra heat 
IS not impaired, however, so that it can still 
resist high temperatures 

CENTRAL MECHANISMS FOR 
TEMPERATURE REGULATION 

Integration of the autonomic mechanisms 
that control heat loss and the somatic mecha- 
nisms that govern heat production, posture, 
and behavior, is accomplished in laboratory 
animals in the hypothalamus (In man the 
behavioral adjustments to thermal stress pre- 
sumably involve higher levels of the nervous 
system ) The significance of the hypothalamus 
can be illustrated by review of three types of 
evidence, as follows 

a) Injury to the hypothalamus almost invari- 
ably leads to changes m body temperature If 
experimental lesions are placed m the rostral 
portion, the animal may exhibit a severe fever 
that may progress to death This fever is re- 
garded as a release phenomenon analogous to 
decerebrate rigidity The rostral hypothalamus 
apparently contains an inhibitory mechanism 
that normally acts to suppress the mechanisms 
of heat production, and that also facilitates the 
stimulation of mechanisms of heat loss These 
particular results would follow the interruption 
of the loop by which information is returned to 
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TYMPANIC TEMPERATURE 

f=ig 9111 Rate of sweating of human subjects having differing central {tympanic) temperatures {abscissa), and a 
variety of skin temperatures (the family of curves) (Benzinger 1969) 

the controller with a negative sign The usual 1943) discovered that such a drug selectively 
therapy for fever of this type, particularly decreases the activity of fever-producing 
when it occurs in human patients after neuro- mechanisms and so permits body temperature 
surgical operations, is forced cooling by means to return to normal If the hypothalamic lesion 
of ice packs and cold water enemas A more is more caudal, and especially if it extends 
specific therapy is administration of a barbitu- into the lateral hypothalamic areas, the pa- 
rate, Ranson and his associates (Beaton et al , tient or experimental animal will have a low 
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Environmental temperature (°C) 

Fig 9 112 Diagram that illustrates the influence of environmental temperature upon metabolic rate At 20°C on 
this graph the subject can lose all metabolic heat without extra evaporation of water similarly body temperature can be 
maintained without shivering (Kleiber 1961) 


temperature, particularly it the environment is 
cool This hypothermia can be corrected by 
artificial heating, but if it is not so treated it, 
too, may terminate fatally 

b) The second type of evidence came from 
experiments such as those of Karplus and 
Kreidl (1910), and of Ranson (1936 to 1937) 
and his associates, who discovered that most of 
the reactions needed for temperature regula- 
tion can be brought into play by electrical 
stimulation of the hypothalamus The major 
exception to this statement is shivering, which 
cannot be induced by any conventional type of 
electrical stimulus It is a nonsynchro nized but 
rhythmic phenomenon that requires a pattern 
of activation different from the varieties physi- 
ologists employ 

c) The most explicit type of evidence comes 
from experiments in which the hypothalamus 
has been artificially warmed or cooled. If the 
temperature of the hypothalamus is changed 
by high frequency warming through electrodes, 
or by conduction via thermodes, an artificial 
feedback loop is created that is open, or inde- 
pendent of what IS taking place in the control 
system Experiments of this vanety were first 
done by Barbour (1912), who passed warmed or 


cooled water through fine tubes implanted in 
the brain of rabbits Later the technique was 
refined by Magoun et al (1939), who oriented 
electrodes using a stereotaxic method, for pas- 
sage of a “diathermy” type of high frequency 
current through the hypothalamus The 
warming of a sensitive region that lies over the 
chiasm m cats, and ahead of it m monkeys, led 
to polypnea, panting, and sweating on foot 
pads Other investigators have extended the 
observations by use of implanted thermodes in 
unanesthetized animals, and have shown that 
this region is sensitive to cooling as well as 
heating It apparently serves as a thermostat 
for the rest of the body— as a thermal detector 
that originates a negative feedback (Benzmger, 
1969) In a sense, it utilizes the rest of the 
body to stabilize its own temperature, cooling 
the body when it becomes warm, and retaining 
heat in the body and stimulating heat produc- 
tion when it IS chilled (Fig 9 113) Investiga- 
tors using microelectrodes have studied the 
function of single units in this region Al- 
though some neurons seem to be insensitive to 
temperature, and have been proposed as gener- 
ators of a constant or set point signal, others 
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Fig 9 113 Relationship between central {tympanic) temperature and rate of heat production with skin tempera- 
ture as another variable (family of curves) (Benzinger 1969) 


respond to heating whereas still others are anses from thermal detectors in the skin (Figs 

stimulated by cold (Figs 9 114 and 9 115) 9 111 and 9 113) Its function is illustrated in 

In addition to this central detector and feed- Figure 9 116, where the response of an unanes- 

back loop, there is another similar loop that thetized dog to heating of the hypothalamus is 
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Fig 9 114 Action potentials recorded from single units in rostral hypothalamus during experiment in which the 
hypothalamus was warmed artificially through an implanted electrode The graphs indicate the course of the 
experiment and the frequency of firing of the unit (Nakayama et al 1961) 


shown to depend upon ambient temperature 
Stolwi|k and Hardy (196()) have devised a 
mathematical formula that combines these two 
kinds of signals According to their concept the 
body does not respond to a change in skin 
temperature when there is no central change, 
and likewise does not respond to central 
change in the absence of peripheral deviation 
They have concluded, therefore, that the cen- 
tral ‘‘integration” is some function of a mathe- 
matical product of the deviations m tempera- 
ture m the two locations 
The nature of the set point of this system 
has been considered by both Hardy (1965) and 
Hammel (1965), the latter suggested that the 
elevated temperature of exercise represents a 
change m set point that originates m neural 
adjustments inducing or accompanying the 
exercise A similar explanation may account 
for the elevated temperature of infectious fe- 
vers, but on a biochemical basis at the neu- 
ronal level (Eisenman, 1969)* Toxins known as 
pyrogens are liberated by bacteria and can be 
isolated also from white blood cells (Wood, see 
Moore et al , 1970) In effect they stabilize the 
membrane of the central thermodetector neu- 
rons so that a higher temperature is required 
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Fig 9 115 Frequency of firing of warm-sensitive 
units in rostral hypothalamus as a function of hypothala- 
mic temperature (Hardy 1965) 

to induce the negative feedback The possi- 
bility that the chemical mtermediaiy of the 
action of pyrogens is the class of compounds 
known as prostaglandins has been suggested 
recently by Vane (1971), His suggestion is 
based upon the discovery that aspirin, a drug 
with pronounced antipyretic action, inhibits 
the synthesis of prostaglandins, and upon re- 
ports that prostaglandins injected directly into 
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Fig 9 116 Records of experiments m which hypothal- 
amus of a dog was warmed when the animal was ex- 
posed to three dfferent environmental temperatures 
14° C 26° C and 29° C Tissue conductance is a 
measure of vasodilatation in skin vessels (Fusco et al 
1961) 


the hypothalamus induce fever Prostaglandins 
are widely distributed compounds whose bio- 
logical significance is not entirely clear, they 
are synthesized in the body from polyunsatu- 
rated fatty acids, and are believed to be re- 
lated to the cyclic adenosine monophosphate 
system (Horton, 1969) 


ENDOCRINE GLANDS IN 
THERMOREGULATION 

The thyroid and adrenal glands play signifi- 
cant roles m the regulation of body tempera- 
ture The calorigemc effects of the secretions 
of these glands are well known (sect 7, chap 
4) Cannon (1932) observed that exposure to 
cold causes an increase in the rate of the de- 
ne rvated heart of a cat, as a result of epineph- 
rine secretion This hormone exerts a calon- 
genic effect which is immediate and of short 
duration A less immediate and much more 
prolonged increase in heat production is 
brought about by stimulation of the thyroid 
gland Rats exposed over a period of 3 weeks 
to low temperatures (7° to 12° C) show thyroid 
hyperplasia and a rise in metabolic rate of as 
much as 16% Thyroidectomized rats, on the 
contrary, show little rise m metabolic rate 
under the same conditions Uotila (1939) found 
that this stimulation of the thyroid did not 
occur if the pituitary stalk had been previously 
sectioned He thus provided the earliest evi- 
dence that secretion of the thyrotrophic hor- 
mone by the anterior pituitary gland is under 
the control of hypothalamic mechanisms This 
control IS now known to be exerted by way of 
thyrotrophm releasing factor (sect 7, chap 
2 ) 

Some years ago Ring (1942) demonstrated 
another interesting mechanism of protection 
against cold exposure when he found that thy- 
roid hormone potentiates the calorigemc ac- 
tion of epmephnne This means that thyroid- 
ectomized animals not only are deficient in 
the action of thyroid hormone on metabolic 
rate, but also that the epinephrine they secrete 
in the cold has a reduced potency m elevating 
heat production even in a transient way 
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Although sleep is known to everyone from 
personal experience, it has a special signifi- 
cance m neurophysiology Consider, for exam- 
ple, the results of a neurological examination 
performed upon a sleeping subject If the sub- 
ject remains asleep throughout the examina- 
tion, the examiner will note what appear to be 
catastrophic deficiencies of central neural 
function —as contrasted to the waking state 
These include loss of muscle tone and changes 
in both cutaneous and deep reflexes, elevated 
threshold for all types of sensory stimulation, 
almost complete dissociation from the environ- 
ment, visceral changes including fall in meta- 
bolic rate, lowering of central body tempera- 
ture, perhaps an elevation of skin temperature, 
and a lowering of blood pressure and heart 
rate, and a respiratory pattern different from 
that of the waking state to a degree that m 
infants may include periodic breathing This 
constellation of neurological signs would be 
consistent with some profound neurological 
injury, were it not that they disappear upon 
waking 

The transition from sleep to waking, and the 
preservation of the waking state are functions 
of a mechanism that lies m the hypothalamus 
and the tegmentum of mesencephalon and 
pons It can be brought into activity by sen- 
sory stimulation, as for example an alarm 
clock It IS believed also to contain, however, 
circuits of neurons that give it what appears to 
be an inertia (m the physical sense) — a mo- 
mentum so that it keeps an individual awake 
in the intervals between arrival of particular 
sensory stimuli It may actually include also 
neurons that can generate signals, as described 
m chapter 1 

What serves as a switching mechanism to 
convert the central nervous system from sleep 
to waking or vice versa is not known 

EEG OF SLEEP 

The principal tool for study of these phe- 
nomena IS the electroencephalogram (EEG), 


described m chapter 6, p 9-116, which exhibits 
different patterns m the waking and sleeping 
states (Fig 9 117) It is true that some of the 
patterns seen during sleep occur also in wak- 
ing, and vice versa (Jouvet, 1967) Neverthe- 
less, the correlation between the EEG record 
and sleep is quite good, for studies on experi- 
mental animals and infants there is no equally 
useful technique for analyzing sleep 

A subject who is awake and alert to his envi- 
ronment shows m his EEG from all cortical 
areas a random pattern of fast waves of low 
voltage that is believed to arise from lack of 
synchronization of the neurons responsible for 
the electrical activity m the area under the 
electrode If the subject closes his eyes, the 
pattern changes and begins to show the a 
rhythm (Berger, 1929) If the subject then be- 
comes drowsy the a waves become less promi- 
nent, and larger, slower waves begin to appear 
m bursts lasting a few seconds With the onset 
of light sleep the a waves are gone, the record 
shows mainly low voltage fast waves again, 
and sleep “spindles” are seen (Fig 9 118) 
These latter are short bursts of waves having a 
frequency of 14 to 16/sec , with a gradual in- 
crease and then a decrease in voltage so that 
the overall profile of the complex is something 
like an elongated, slim American football Dur- 
ing deep sleep these spindles likewise become 
less prominent and may even disappear, the 
record is then dominated by slow waves of rela- 
tively high voltage that may have been noted 
first during the stage of light sleep These 
waves mark the condition known as “slow 
sleep,” more correctly, sleep characterized by 
synchronized cortical activity When wakening 
takes place, the pattern returns very quickly 
to the asynchronized, fast, low voltage activity 
and the process of activation of the EEG is 
said to have occurred 

Dunng the stage of sleep with slow waves 
(synchronized cortical electrical activity) there 
may occur every now and again another kind 
of record that ressembles the activated pat- 
tern Waves are momentarily fast and of low 
voltage (Derbyshire et al , 1936, Rhemberger 
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Fig 9 117 Electrical recordings that show differences in (A) waking state (B) slow wave sleep and (C) para- 
doxical sleep (Jouvet 1967) 


CSM cortex sensorimotoi FRM retic form mesen 
CES cortex ectosylvian FRP retic form pontile 
HIPP ventral hippocampus EMG electromyogram neck 
YEUX eye movements PLETH volume changes front leg 


and Jasper, 1937) Their onset is accompanied 
by neurological signs that the subject is m a 
deeper condition of sleep, contrary to what the 
EEG asynchronization suggests There is com- 
plete relaxation of antigravity muscles, disap- 
pearance of stretch reflexes, rapid movements 
of the eyes (abbreviated as REM for ‘'rapid eye 
movements”), together with movements that 
may include twitching, jerking, or even mild 
convulsions (Fig 9 117) In laboratory or do- 
mestic animals one may see moving of the vi- 
brissae, extremities and tail Everyone who has 
observed the sleeping state of a pet cat or dog 
has noticed this type of movement The loss of 
tone in antigravity muscles and the absence of 
stretch reflexes serve to distinguish this condi- 
tion from any tendency towards wakening 
Furthermore, the threshold for arousal is 
higher than when the EEG shows the slower 
type of waves This condition, known as “fast 
sleep” — sleep with fast waves — is also called 
paradoxical sleep because of the inconsistency 
between the neurological condition and the 


EEG wave forms It is one of the deepest 
stages of sleep (Jouvet, 1967) 

SLEEP WITH SLOW WAVES 

In most of the experimental literature de- 
voted to the subject of sleep, the condition 
studied was the one characterized by large, 
slow waves in the EEG, the apparently syn- 
chronized type of electrical activity It has 
been analyzed in experimental animals after 
surgical transection of the neuroaxis, as well as 
with the aid of the stereotaxic instrument for 
placement of lesions, for stimulation or for 
recording Modern work on this problem began 
just before World War II with a publication by 
the Belgian neurologist, Frederic Bremer 
(1936) He transected the brainstem of cats m 
the midcolhcular region of the mesencephalon, 
thereby creating what he referred to as a cer- 
veau isole preparation (with “isolated mind”) 
The cerebral cortex of such an animal appears 
to be continually asleep as judged by the EEG 
pattern, and it cannot be activated by at- 
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Fig 9 118 /4-£, Electrocorticogram of cat as it passed 
Cat awakened by hand-cJap (Magoun 1952) 

tempts to arouse the animal On the other 
hand, if the plane of transection is at the lower 
border of the medulla oblongata (encepkale 
isole, “isolated brain”), the EEC may show the 
waking pattern, alternating with periods in 
which the pattern is charactenstic of sleep 
Moreover, the sleep pattern can be converted 
to the waking pattern by sensory stimulation 
via cranial nerves. (One should note that the 
preparation with encephale isole requires arti- 
ficial respiration because the medullary respi- 
ratory centers are cut off from respiratory 


from waking to sleep and then awakened again Bottom 

motor mechanisms in cervical and thoracic 
cord ) 

Bremer’s interpretation of ms findings was 
that the sleeping state of the cerueau isole 
preparation was the result of removal of sen- 
sory input as a result of transection of as- 
cending pathways between brainstem and 
cortex In the preparation with the lower level 
of section, by contrast, the ascending pathways 
from sensory portions of cranial nerves remain 
intact and capable of stimulating higher levels 
including thalamus and cortex Later experi- 
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Fig 9 119 Midsagittal {A) and cross sections {B~D) through brainstem of cat with destruction of central portions 
of reticular formation (Lindsley et al 1950) 



III third ventricular 
AC anterior commissure 
L lat geniculate body 
Ml massa intermedia 
OC optic chiasm 
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A aqueduct 
BP basis pedunculi 
MG medial geniculate body 
ML medical lemniscus 
OT optic tract 
SC superior colliculus 


ments sho’s^ed, however, that mechanisms 
other than the sensory systems are necessary 
for preservation of the waking state 
Reticular Activating Mechanism. This lat- 
ter, alternate interpretation came from experi- 
ments in which Lindsley and his associates 
(1950) performed stereotaxic operations that 
only partially transected the brainstem Cer- 
tain of the lesions were placed laterally so that 
they interrupted the specific or lemniscal sen- 
sory pathways on each side Others were 
placed medially in the central portion of the 
reticular formation on both sides of the mid- 
Ime (Fig 9 119) In animals with the lateral 
lesions a normal transition from sleeping to 
waking state occurred as judged both from the 
behavior of the animal and from the EEG But 
in animals with medial lesions the sleeping 
state was prolonged as in Bremer's cerveau 
isole preparation, with one significant differ- 
ence Because the mam sensory pathways were 
intact following the medial lesions, sensory 
stimulation would activate the cortical elec- 
trical pattern momentarily Then when the 
stimulation was ended the cortex lapsed into a 
sleeping pattern (Fig 9 120) These observa- 
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Fig 9 120 EEG of cat with lesion shown in Figure 
9 119 Record shows persistent sleep pattern with brief 
transition to waking pattern during and just after stinnu 
lation by sound or pain Four different cortical regions 
show similar wave forms (Lindsley et al , 1 950) 

tions confirmed the ability of sensory input to 
alert the cortex as Bremer had inferred, while 
they showed also that the maintenance of an 
alert state between stimulations depends upon 
projections from the medial reticular forma- 
tion to higher levels of the brain 
Further data on this question have been ob- 
tained by the technique of stimulation Mo- 
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ruz7i and Magoun (1949) tound that electrical 
stimulation of the medial reticular formation 
transforms a high \oltage, slow wave EEG into 
the low voltage, fast wave or activated pattern 
Because it has this propertv of alerting the 
cerebral cortex this function of the reticular 
formation is ascribed to the ascending acti- 
vating system Us influence is transmitted via 
multisynaptic path wavs via the nonspecific 
thalamic nuclei, and thence to the cerebral 
cortex (Chap 2, p 9™40) The portions of the 
reticular formation that are concerned with 
activation of the cortical EEG are, to some 
degree, under the control of the cortex Se- 
gundo (1956) and his colleagues have shown 
that electrical stimulation of certain cortical 
regions will produce an REG desvnchroni/a- 
tion which appears to be identical with the de- 
synchronization observed bv Moruzzi and 
Magoun (1949) after electrical stimulation of 
the reticular formation In a feedback loop the 
ascending activating system is stimulating cor- 
tical alertness, but the cortex is also projecting 
back to brainstem to modify the output of the 
activating mechanism The presence of this 
feedback pathway was demonstrated by Jasper 
et al (1952), and bv French et al (1955), who 
recorded evoked potentials from the reticular 
formation following stimulation of a variety of 
areas in the cerebral cortex 
The fact that the lateral hypothalamus is 
anatomically and functionally continuous with 
the reticular formation was first suggested by 
studies on sleep A number of conditions that 
occur clinically are typified by somnolence, 
prolonged sleep, or even coma (chap 9, p 
9-177), in patients with lesions in the hypothal- 
amus or mesencephalon The lesions may be 
caused by an infection as m “sleeping sick- 
ness'’ (von Economo, 1929), or may be a result 
of pressure from a tumor, or of hemorrhage or 
occlusion of a blood vessel Ranson (1936 to 
1937) and his associates found that injury to 
the caudal part of the lateral hypothalamus 
produces m monkeys a somnolence that ap- 
pears to be identical with the clinical condi- 
tion* Stimulation of this region through chroni- 
cally implanted electrodes causes animals to 
become alert and active 

The current hypothesis, therefore, is that the 
waking state is initiated and maintained by 
projections from the reticular formation (in- 
cluding lateral hypothalamus) via nonspecific 
pathways through thalamus to cerebral cortex 
(Fig* 9 121) The next question is, what turns 
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Fig 9 121 Outline of the brain of the cat showing 
general location of the activating mechanism m the 
tegmentum of the brainstem and its relation to principal 
afferent systems and projections via thalamus to cerebral 
cortex Starzl et al cited from Magoun 1952 

on the reticular activating system*^ This ques- 
tion, too, has been investigated by authors who 
have stimulated the several parts of the brain- 
stem Pioneer work was done by the Swiss 
neurophysiologist, W R Hess, who invented a 
technique for implanting electrodes m anes- 
thetized cats in a manner that permitted stim- 
ulation later after the animal had recovered 
from the operation (Fig 9 6, p 9-9) In the 
course of experiments begun m 1925 and sum- 
marized later (Hess, 1954), he discovered that 
the application of a particular type of stimula- 
tion to the thalamus lateral to the ventral por- 
tion of the massa intermedia would produce 
sleep From these results he concluded that the 
brain contains a mechanism that induces sleep 
in an active sense A series of papers by Akert 
et al (1952, see also R Hess, Jr, et al, 1953) 
has essentially confirmed the earlier observa- 
tions, and extended them by showing the ex- 
pected correlations between the state of the 
animal and the EEG Their data imply that the 
sleep-waking mechanism, like other compo- 
nents of the central nervous system as de- 
scribed m preceding pages, is a dual system It 
may have a portion that turns on the waking 
state, and another that “turns off’ waking and 
so induces sleep If so, it fits into the pattern of 
reciprocal interaction of alternating inhibition 
and facilitation that can be identified at all 
levels of the neuroaxis 

Hypothalamic Suppressor Mechanism 
Evidence as to the existence and location of 
this second component of the control system 
has come also from experiments m which the 
opposite of somnolence has been observed 
after operations upon the base of the brain 
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Although Hethermgton and Ranson (1942) did 
not report any observations upon sleep as 
such, they did observe a condition of extreme, 
prolonged, and “frantic” hyperactivity in rats 
just after operations upon the tuberal hypo- 
thalamus Later these rats became almost 
completely inactive With lesions placed more 
rostrally in the suprachiasmatic or preoptic 
region, however, Nauta (1946) observed both 
hyperactivity and lack of sleep McGinty and 
Sterman (1968) have recently described similar 
changes m cats with large, bilateral supra- 
chiasmatic lesions, and have correlated the 
behavior of the animals with their EEG pat- 
terns The largest lesions abolished sleep, 
smaller ones significantly decreased the dura- 
tion of both the slow-wave and paradoxical 
stages of sleep Taken together these data sug- 
gest that, if there is a dual mechanism for the 
sleeping-waking control, one part lies ahead of 
the other The caudal hypothalamus and retic- 
ular formation seem to contain the activating 
component, whereas the rostral hypothalamus 
and preoptic region include the suppressor 
The relation of these results to those of Hess 
and others as presented in the preceding para- 
graph, however, is not yet clear 

PARADOXICAL SLEEP 

As noted above, paradoxical sleep or REM 
sleep is characterized by low voltage fast EEG, 
profound atonia of the somatic musculature, 
and rapid conjugate eye movements In addi- 
tion, recordings from deep structures and 
cortex show a ^ (4 to 7 cycles/sec ) pattern in 
the hippocampus and intermittent bursts of 
activity in the pons, the lateral geniculate 
body, and visual cortex Jouvet (1967) has clas- 
sified the phenomena of paradoxical sleep into 
two categories, tonic and phasic Tonic phe- 
nomena include the EEG, hippocampal d 
rhythms, and muscular atoma Phasic phe- 
nomena include the rapid eye movements, the 
bursts of activity in the pons- geniculate-cor- 
tical complex, and occasional muscle twitches 
In a series of studies in which lesions were 
placed in a variety of regions, Jouvet has de- 
termined that the structures apparently re- 
sponsible for the phasic components of para- 
doxical sleep are the rostral part of the nucleus 
reticularis pontis candahs and the caudal part 
of the nucleus reticularis pontis oralis Stimu- 
lation of these regions in the tegmentum of the 
pons during normal sleep produces paradoxical 
sleep 


More recently Jouvet has also found that 
bilateral lesions in the region of the locus cae- 
ruleus will suppress or abolish the tonic com- 
ponent of paradoxical sleep without affecting 
the phasic component Animals in which the 
tonic component has been abolished by such 
lesions show considerably increased muscle 
twitching during phasic paradoxical sleep 

HUMORAL MECHANISMS OF SLEEP AND 
WAKEFULNESS 

Legendre and Pieron (1910) suggested that 
an unknown substance, which they called hyp- 
no toxin, found in the cerebrospinal fluid (CSF) 
IS involved in producing sleep They observed 
that CSF removed from fatigued animals and 
injected intracisternally into normal, rested 
animals tended to induce sleep Schnedorf and 
Ivy (1939) replicated these experiments with 
additional controls Dogs that received CSF 
from fatigued dogs apparently went into a 
deep sleep Control dogs, which received CSF 
from rested dogs, or injections of their own 
CSF, however, also showed some depression 
but to a lesser extent Many other authors 
have attempted similar experiments Their 
results have been summarized by Jouvet (1967) 
in the suggestion that serotonin is the neural 
transmitter that induces sleep 

The existence of an activating substance was 
suggested by Purpura (1956) He connected 
each femoral artery of a cat to a femoral vein 
of a second cat and vice versa to obtain inter- 
mixing of the total blood volume Stimulation 
of the medial bulbar reticular formation pro- 
duced immediate cortical activation in the 
stimulated cat After about 60 sec an activa- 
tion pattern could be seen in the electrocor- 
ticogram of the recipient cat Unfortunately, 
Purpura was unable, on the basis of available 
evidence, to advance an hypothesis concerning 
the identity of the circulating activator sub- 
stance 

More recently, Monnier and Hosli (1965) 
have reported that dialysate from venous blood 
of sleeping or active donor rabbits will produce 
sleep or alert behavior, respectively, when in- 
jected into the circulation of recipient rabbits 

The more recent studies of paradoxical sleep 
have suggested humoral mechanisms control- 
ling this form of sleep also Among the more 
ingenious studies in this area was one by 
Jouvet (1967) and his colleagues who devised a 
method of differentially depriving animals of 
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paradoxical sleep but not slow sleep Jouvet 
placed cats on a brick in a shallow pool ot 
water for periods of da\s The animals main- 
tained sufficient muscle tone during slow sleep 
to be able to keep from falling into the water 
During paradoxical sleep, muscle tone de- 
creased to the point that the animals fell into 
the water, waking up Animals deprived in this 
fashion of paradoxical sleep seemed to build 
up a need for paradoxical sleep, for when al- 
lowed to sleep normally the percentage of 
sleeping time devoted to paradoxical sleep was 
far greater than normal This build-up of a 
need for paradoxical sleep is attributed to the 
accumulation of an unidentified substance 
during paradoxical sleep deprivation Related 
studies in which humans were deprived of par- 
adoxical sleep, bv being awakened whenever 
EEG and eve movement records indicated 
paradoxical sleep, also show the same build-up 
of need for paradoxical sleep This accumula- 
tion can be suppressed bv monoamine oxidase 
inhibitors For example, administration of Ni- 
alamide to animals deprived of paradoxical 
sleep will prevent the subsequent appearance 
of paradoxical sleep 5-Hydroxytryptophan will 
also suppress paradoxical sleep 7 -Butyrolac- 
tone m doses of approximately 50 mg /kg will 
produce paradoxical sleep and large doses of 
Reserpme will differentially produce the 
phasic phenomena of paradoxical sleep On the 
basis of such evidence, Jouvet (1967) has sug- 
gested that the substance accumulating during 
paradoxical sleep deprivation may be an 
amine, probably norepinephrine 

SIGNIFICANCE OF SLEEP 

Every thoughtful person has speculated as to 
the function of sleep Yet almost nothing is 
known of it scientifically It is clear that m the 
absence of sleep the more subtle functions of 
the nervous system are affected first, with 
changes m mood, motivation, and attention 
(Wilkinson, 1969) With more prolonged sleep 
deprivation even the subcortical, more nearly 
automatic functions of the brain suffer, and 
symptoms such as tremors, nystagmus, ptosis, 
and dysarthria occur (Sassin, 1970) As Hobson 
(1969) has pointed out, there are certain forms 
of illness that are most likely to occur when 
the patient is asleep, they include nocturnal 
angina, asthma, and emphysematous anoxia 

One may suppose that neurons are not ca- 
pable of continuous, repetitive discharge, al- 
though what happens to limit this capacity is 


unknown It might be some limitation of en- 
ergy transduction, or it might be the accumu- 
lation of 10 ns during activity that must be ex- 
truded during recovery, or it might be some as 
yet immeasurable change m the properties of 
one or more of the neuron’s membrane sys- 
tems Those cells that are active in both 
waking and sleeping states, such as the respi- 
ratory system, are not continuously active, 
rather, they have their own cycles of activity 
and rest, such as the cycle that includes m- 
spiration-expiration-inspiration, etc Most of 
the neural control systems exhibit some form 
of rhythmicity like this, or at least some alter- 
ation in the level of their discharge Not so the 
activating mechanism Unless it has some 
mechanism for operating on a basis of “taking 
turns,” it seems to be discharging more or less 
continuously so long as the individual is awake 
It appears that neurons are not constituted so 
as to permit this kind of continuous activity 
indefinitely 

Emotion 

How we “feel” is so important to everyone, 
and disorders of emotional state are so preva- 
lent and troublesome, that any possible under- 
standing is desirable both for the insight it 
may provide into human behavior, and for its 
practical value m clinical medicine In the 
same manner in which one can distinguish 
between movement and a desire to move, it is 
possible to separate emotional expression from 
emotional experience Emotional expression, 
like a movement of the body can be studied m 
laboratory animals, m infants incapable of 
speech, or m other circumstances where verbal 
or written communication is not possible To 
attempt to analyze volition or the experience 
of an emotion, by contrast, requires either that 
the observer himself be the subject of the in- 
vestigation, or that the subject be able to re- 
port to the observer just what he believes to 
have taken place There are, therefore, two 
almost completely separate kinds of literature 
on the neurophysiology of emotion One is 
concerned with animal behavior following op- 
erations upon the nervous system, the neuro- 
histology in such reports tends to be precise 
and even elegant, but the nature of the emo- 
tional experience is uncertain because it can be 
inferred only from an anthromorphic point of 
view On the other hand, reports based upon 
the expenence of human patients with lesions 
of the central nervous system may be highly 
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informative as to the kinds of emotion the in- 
dividuals have undergone, but often are defi- 
cient in precise neurological localization, be- 
cause such lesions usually are not localized 
sharply enough to permit the assignment of 
any one function to any specific structure 

EXPERIENCE VS EXPRESSION 

There is no certain knowledge as to mecha- 
nisms that create awareness of the state of 
emotional tone This problem is akin to the 
question of how does the individual finally 
become aware of any type of sensory or motor 
experience Perhaps the cerebral cortex con- 
tains a scanning mechanism that at some fre- 
quency surveys and registers the overall pat- 
terns of activity in all regions If so, then what 
scans the scanner*^ 

The expression of emotional states, on the 
other hand, can be attributed fairly reliably to 
mechanisms that already have been men- 
tioned, including a) those cortical regions from 
which autonomic responses can be evoked 
upon stimulation, b) the intermediate or tran- 
sitional portion of the neuroaxis known as the 
hmbic system (see later), and c) the hypothal- 
amus and its projections to brainstem and 
spinal cord Bard (1928) suggested that these 
portions of the brain, but especially the hypo- 
thalamus, are responsible for '‘integration” of 
the somatic and visceral phenomena that char- 
acterize behavior that accompanies emotion 
The functions of these neural mechanisms 
have been studied m different species of labo- 
ratory animals, with reference to several typ- 
ical emotional states (see Pribram, 1969, 
Black, 1970) The one that is perhaps the best 
understood is rage, mainly because early inves- 
tigators found that it can be evoked easily 
under laboratory conditions, as reviewed in the 
following paragraphs Other motions that have 
been studied include placidity, what appears 
to be pleasure (as judged by purring of cats, 
and other similar behavior), and emotions pre- 
sumably associated with behavior patterns of 
reproduction The list is scarcely a satisfactory 
one, when it is contrasted with the range and 
variety of human emotional tone 

SHAM RAGE 

It was first demonstrated by Goltz and 
Ewald, (1896) that the reactions which usually 
accompany displeasure and anger are more 
readily evoked in an animal depnved of its 


cerebral cortex (decorticated) than m the 
normal animal In Goltz's classical experiment 
the hemispheres and a large part of the thal- 
amus were removed from a dog The disposi- 
tion of the animal was greatly altered by the 
operation, it being very readily aroused to 
anger Barking, growling, baring the teeth, or 
snapping occurred upon the least provocation 
Cannon and Britton (1925) produced a similar 
state in cats by removal of the cortex, the de- 
cortication being performed by means of a 
pointed stilet inserted through the orbital cavi- 
ties Immediately following recovery from the 
anesthetic the animals showed the following 
remarkable phenomena which these observers 
termed sham rage — lashing of the tail, erection 
of the hairs, protrusion of the claws, dilatation 
of the pupils, sweating, struggling and biting, 
greatly increased rate of respiration, and a rise 
m blood pressure Most of these manifesta- 
tions will be recognized as being of sympa- 
thetic origin In many instances the picture 
was a combination of fear and anger Libera- 
tion of epinephrine, as indicated by an in- 
crease m the rate of the denervated heart, also 
occurred The mildest stimulus such as jarring 
the table or lightly touching the animal was 
sufficient to evoke a paroxysm of rage The 
condition was designated as “sham” or as 
“quasi,” because these investigators believed 
that true rage cannot be experienced unless 
higher levels of the cerebral cortical mecha- 
nisms are involved 

In decortication experiments Bard (1928) 
found that the posterior and ventral portions 
of the diencephalon are responsible for the 
development of sham rage Typical behavior 
occurred after decortication and section 
through the hypothalamus at about the middle 
of the tuber cinereum Rage also was noted 
after an operation that removed the basal gan- 
glia and the dorsal half of the diencephalon, 
1 e , the thalamus, but left the hypothalamus 
connected with the midbram The condition 
failed to appear if the section separated the 
caudal part of the hypothalamus from the 
brainstem as a high level decerebration 

HYPOTHALAMIC RESTRAINING 
MECHANISM 

Another variety of rage was discovered by 
Wheatley (1944) when he was studying hypo- 
thalamic hyperphagia in cats He noted that 
bilateral lesions in the ventromedial region of 
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the hypothalamus not only lead to overeating 
and obesity, but also to a behavior pattern in 
which the animals are extremely, chroni- 
cally and incurablv savage m behavior and 
expression” (Ingram, 1952, p 401) These ani- 
mals are so vicious that it is all but impossible 
for laboratory personnel to handle them Ap- 
parently they cannot be tamed once the le- 
sions have been made Moreover, the change in 
behavior from the friendliness of a pussycat to 
this malevolent wildness seems to occur in- 
stantaneously because it is evident immedi- 
ately after recovery from the anesthesia of the 
operation Although it is a hypothalamic injury 
that leads to this syndrome, this is not sham 
rage and seems to have little in common with 
the quasi-emotional state observed by Golt?, 
by Cannon, and by Bard and their associates 
There is nothing that can be called pseudo, 
sham, or quasi about the performance of a cat 
with ventromedial lesions The animal seems 
to possess full cortical function, both sensory 
and motor, and gives every evidence of experi- 
encing the emotion it expresses Its rage is per- 
fectly directed at whomever disturbs it, 
whereas sham rage cannot be directed and is 
therefore relatively innocuous Compared to 
the extensive ablations that lead to sham rage, 
the lesions that are effective m the ventro- 
medial region are tiny Thus far, the syndrome 
IS known to apfiear only in cats, rats with sim- 
ilar lesions do not show similar behavior to the 
same degree, and perhaps not at all, whereas 
macaque monkeys with ventromedial lesions 
are reported to be obviously more tame and 
friendly the morning following the operation 
(Hamilton, C L, personal communication) 

CORTICAL INHIBITORY MECHANISMS 

Both of these types of rage seem to be analo- 
sfous to decerebrate ngidity in that they are 
caused by over activity of mechanisms that the 
>ui^ical operation has released from an mhibi- 
4on or restraint usually provided by the re- 
pons that were taken away In Wheatley’s 
experiments the ventromedial nuclei of the 
lypothalamus seemed to be the ongm of the 
estraint, or perhaps a vital part of the 
athway by which it is exercised when the 
rain is intact. In the case of the sham rage, 
owever, the inhibition seems to come from 
ertain critical regions of the cerebral cortex, 
hus, Bard and Mountcastle (1948) have 
lown m cats that the restraining influence is 
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exerted m certain parts of the rhmencephalon 
(the cortex of the pyriform lobe, amygdaloid 
nucleus and hippocampal formation) and an 
area of cortex lying ventral to the cmgular 
sulcus m front of and below the rostrum of the 
corpus callosum The cortex of this cingulate 
gyrus and the hippocampus are portions of the 
limbic system, a transitional zone between the 
rhmencephalon and the neocortex Following 
operations that removed the neocortex alone, 
leaving the rhmencephalon and transitional 
cortex uninjured, the cats showed a completely 
different kind of behavior They were extraor- 
dinarily placid, responses that seemed to ex- 
press pleasure were predominant and often 
exaggerated Procedures that in a normal an- 
imal provoke struggling, clawing or biting, or 
an attempt to escape, m these cats evoked no 
sign of anger or even of displeasure The ani- 
mals responded to mild nociceptive stimula- 
tion by purring. Subsequent removal of those 
parts of the hmbic system mentioned above 
transformed these animals from a state of 
placidity into one where upon the slightest 
provocation they exhibited all the signs of 
rage They were m this respect, therefore, sim- 
ilar to the cats of Wlieatley’s experiments 
It is apparent from these experiments that 
the cortex and other regions of the brain exert 
a restraining influence upon those mechanisms 
of caudal hypothalamus and brainstem that 
govern the expression of displeasure, resent- 
ment, and anger, at least m cats and dogs 
Similar operations performed upon monkeys 
have given results that are in some respects 
different, and that are even more interesting 
than the expenments in which cats and dogs 
were used Kluver and Bucy (1939) reported 
that bilateral extirpation of the temporal lobes 
in monkeys, including both the neocortex and 
the rhmencephalon on the medial surface of 
the lobes, gave rise to a group of symptoms 
that has become known as the Kluver-Bucy 
syndrome It includes the following 1) Visual 
agnosia. These animals seem to have lost the 
ability to recognize and to detect the meaning 
of objects on the basis of visual criteria alone 
There also seems to be a similar agnosia in the 
auditory and tactile fields 2) Oral tendencies 
There is a very strong tendency to examine all 
objects with the mouth 3) '^Hypermetamor- 
phosisF There is a marked tendency to take 
notice of and to attend to every visual stim- 
ulus 4) Tameness These animals seem to 
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have lost their sense of fear, and there is a 
marked diminution in their emotional re- 
sponses 5) Hypersexuality There is a striking 
increase in various sexual activities and in 
their diversity This change does not occur 
until several weeks after the operation Fe- 
males may show a complete lack of maternal 
behavior 6) Changes in dietary habits Mon- 
keys do not ordinarily eat meat but after the 
removal of both temporal lobes they do so 
without hesitation There is also an increase in 
the amount of food consumed In a few cases 
some of these symptoms have been observed 
also in human beings following bilateral tem- 
poral lobectomy 

In later experiments by other authors it was 
possible to attribute some of these changes to 
specific structures within the temporal lobe 
For example, removal of the amygdala and 
overlying pyriform cortex is said to produce 
placidity (Schreiner and Kling, 1953) The 
hypersexuality has been attributed to lesions 
of the pyriform cortex without injury to the 
amygdala (Green et al , 1957) And it has been 
suggested that the psychic blindness may be 
the result of removal of the temporal neocor- 
tex, or perhaps of connections between the 
visual system and the posterior regions of the 
limbic system 

LIMBIC SYSTEM 

Fibers m the olfactory tracts terminate in 
the medial and lateral olfactory striae of the 
mesial and orbital cortex, from which there 
arise projections that are so variegated and 
that extend to so many other regions of the 
brain that the whole complex has been classi- 
fied as a distinct portion of the nervous sys- 
tem, the rhinencephalon or “nose brain ” In 
1933 the American neuroanatomist, C Judson 
Herrick, surveyed the possible functions of the 
parts of the cerebral cortex belonging to this 
olfactory brain, and noted that they are 
“bound up with” other neural systems in- 
cluding those for feeding, nutrition, and repro- 
duction Furthermore, the olfactory sense gives 
warning of danger, and guides an animal to a 
mate, to food, and “other desirables” He also 
observed that these portions of the brain are 
remarkably constant in their organization from 
lowest to highest of the vertebrates From 
these and other considerations he suggested 
that the olfactory system has two functions, a) 
adjustments in other systems so as to secure 


external orientation of the body, and b) an ac- 
tion “ upon the internal apparatus of the 
general bodily attitude, disposition, and affec- 
tive tone ” (p 14) 

This latter inference of Herrick was made 
more specific in 1937 by Papez in the form of a 
proposal that the principal functions of most 
of the supposed components of the rhmen- 
cephalon are not directly concerned with olfac- 
tion, but rather with emotional experience To 
reach this conclusion Papez drew upon the two 
types of evidence mentioned above He re- 
viewed what was known of the location of le- 
sions that in human patients were associated 
with emotional disorders, and he summarized 
also the results of Cannon, Bard, Ranson, and 
other authors (see above) whose work had dis- 
closed the role of the hypothalamus in the ex- 
pression of emotion such as rage, and m other 
autonomic patterns From these two lines of 
research Papez decided that the anterior nuclei 
of the thalamus, the cingulate gyrus, the hip- 
pocampus, and the interconnections of these 
regions constitute “ a harmonious mecha- 
nism which may elaborate the functions of 
central emotion” He further suggested that 
the expression of the emotion is brought about 
via projections from these structures to the 
hypothalamic mechanisms other authors had 
described (Fig 9 122) In 1952 these portions of 
the brain were given the name, limbic system 
by MacLean (1967), because Broca had used 
that word to designate the portion of the 



Fig 9 122 Principal interconnections of rhinen- 
cephalon with diencephalon and limbic cortex AT an- 
terior nucleus of thalamus, HYP hypothalamus MFB 
medial forebram bundle of fibers, they run through the 
lateral hypothalamus Cited from MacLean 1967 
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cortex that has the character of a “border” as 
it surrounds the brainstem The limbic cortex 
IS intermediate m position between the por- 
tions of the brain that are common to even the 
most primitive vertebrates, and the neocortex 
that characterizes primates and man 
MacLean pointed out that in the cortex the 
levels of function cannot be represented by 
horizontal or coronal planes of section, but 
rather are arranged concentrically, with the 
most primitive in and adjacent to the brain- 
stem, and the most advanced m the most su- 
perficial location (Fig 9 123) In the limbic 
system the principal cortical structures are the 



Fig 9 123 Hypothetical plan of organization of three 
levels of cortical integration named with reference to 
comparative neurophysiological criteria (MacLean 1967} 



Fig 9124 Relationships of thalamus with cerebral 
cortex, including cingulate gyrus and prefrontal cortex 
A. anterior nucleus of thalamus* MV, dorsomedial 
nucleus of thalamus, M mammillary body (MacLean, 
1967) 


cingulate and hippocampal gyri, and the hip- 
pocampus (Fig 9 124) Subcortical portions 
include the amygdala (also classified as one of 
the basal ganglia) and the region known as the 
septum This latter is found on each side near 
the midlme, a part of the telencephalon that is 
virtually continuous with the dorsal and rostral 
hypothalamus Stimulation of the cortex be- 
longing to this system m anesthetized animals 
evokes autonomic responses such as changes in 
blood pressure, heart rate, gastrointestinal 
motility and secretion, as well as in pulmonary 
ventilation (Kaada et al , 1949) In animals not 
anesthetized this stimulation results m 
pleasure, grooming and sexual reactions 
seen in courtship behavior” (MacLean, 1970, p 
134) The connections of these structures with 
other parts of the brain have been followed his- 
tologically, and also by means of the technique 
of evoked potentials 

Human patients with lesions in these areas 
are said to undergo a form of epilepsy (psy- 
chomotor) where the symptoms are autonomic 
discharge and emotional experience, stimula- 
tion during neurosurgical operations by way of 
electrodes applied to these structures evokes 
responses comparable to the psychomotor epi- 
lepsy (Penfield and Jasper, 1954) In a few per- 
sons recordings have been made, and stimula- 
tion has been applied, through implanted elec- 
trodes, while they are living a more or less 
conventional life as hospital patients The data 
so obtained are m general agreement with re- 
sults obtained from experimental animals For 
example, “spontaneous” bursts of anger were 
evoked by stimulation of the right amygdala 
Other kinds of expenence elicited by the stim- 
ulation included pleasant sensations, elation, 
deep thoughtful concentration, “odd feelings,” 
relaxation, and colored visions (Delgado, 1970) 
Delgado concluded from these observations 
that stimulation of this type “ may have fur- 
ther therapeutic use in order to obtain ben- 
eficial modifications of emotional reactivity” 
(p 201) He also stated that it raises ethical 
and philosophical questions 

Speech and its Disorders 

Communication is a word used in physiology 
with two slightly different meanings, the first 
of which includes the second In the more gen- 
eralized sense it denotes the interaction of any 
two units m a fashion that modifies the func- 
tion of either It may be applied to the mflu- 
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ence of one neuron upon another, or to the 
stimulus transmitted between cells by a hor- 
mone, as well as to communication between 
persons What is transmitted is information 
In the more restricted sense communication 
requires signals that are created by one indi- 
vidual and perceived by another via sense or- 
gans The signals may be physical for optical, 
aural, or thermal detection, or they may be 
chemical The information they transmit may 
be extremely complex, even in relatively 
simple animals Perhaps the best studied ex- 
ample m lower forms is the ability of bees to 
inform other inhabitants of a hive as to the 
direction and distance at which a specific food 
source may be found (von Firsch, 1967) Ethol- 
ogists and psychologists have studied many 
other similar kinds of communication among 
other animals (Dethier and Stellar, 1970) 
Speech and its relatives, writing and read- 
ing, are the most elaborate forms of communi- 
cation, and are limited to the human species 
Cortical function is necessary for speech, ac- 
cording to the observations of Penfield and 
Roberts (1966) it is the cortex of the lett cere- 
bral hemisphere that is usually responsible for 
speech, even in left-handed persons where the 
right hemisphere is said to be “dominant” for 
motions such as writing and other skilled per- 
formance (Fig 9 125) Geschwmd (1970) has 
stated that, “Contrary to generally accepted 
views, there is a striking anatomical difference 
between the temporal speech region on the left 



Fig 9125 Summary of the location of cortical 
lesions which various authors have associated with 
disorders of speech (Penfield and Roberts 1966) 


Side and the corresponding region of the right 
hemisphere ” 

It is supposed that the first stage in the de- 
velopment of speech is the association of cer- 
tain sounds — (words) — with visual, tactile, and 
other sensations aroused by objects m the ex- 
ternal world After definite meanings have 
been attached to certain words, pathways be- 
tween the auditory area of the cortex and the 
motor area for the muscles of articulation be- 
come established, and the child attempts to 
formulate and pronounce the words which he 
has heard This act of verbal expression in- 
volves the coordinated movements of a large 
group of respiratory, laryngeal, lingual, pha- 
ryngeal, and labial muscles Later, as the child 
learns to read, auditory speech is associated 
with the visual symbols of speech, and finally, 
through an association between these and the 
motor area for the hand, the child learns to 
express his auditory and visual impressions by 
the written word (see Lenneberg, 1970) 

APHASIA 

Aphasia is the term applied to disorders of 
expression in speech, writing or signs and 
symbols, as well as to disabilities in compre- 
hension of spoken or written language Lesions 
causing aphasia are usually in the cerebral cor- 
tex, but they do not necessarily involve the 
motor mechanisms of area 4, the corticobulbar 
fibers, cranial nerve nuclei nor peripheral 
nerves Rather, the lesions typically he in cor- 
tical “association” areas (Fig 9 125) near what 
are presumed to be the highest levels of cor- 
tical function Nevertheless, in spite of this 
apparent juxtaposition of localization, the in- 
telligence of a patient may be unimpaired m 
the presence of severe aphasia This implies 
that there are functions of the cortex at levels 
higher than the speech mechanisms 

The faculty of speech is based upon highly 
complex neural systems They can be studied 
m two ways, by analysis of defects in patients 
with naturally occurring lesions of the cortex 
or following operations, or by stimulation of 
the cortex at an operation in a patient given 
only local anesthesia for the surgical proce- 
dure The fact that this electrical stimulation 
IS categorically different from natural neural 
activity IS dramatically shown by the observa- 
tion that in an area where a lesion causes 
aphasia, electrical stimulation when a patient 
IS speaking will arrest the speech After the 



Chapter 8 


9-149 


stimulus IS ended the patient may report that 
he does not know why he stopped talking, but 
he was unable to think of the words he wished 
to use There are tour such areas in the left 
hemisphere, the dominant hemisphere in a 
right-handed person They include the follow- 
ing 1) lower frontal cortex of Brodmann’s 
area 4 (known as Broca’s area), 2) upper 
frontal on the mesial surface of the hemisphere 
anterior to the foot area, J) parietal, posterior 
to the lower part of the postcentral gyrus, and 
4) temporal, in the posterior part of the tem- 
poral lobe A lasting injury to any one of these 
areas causes persistent aphasia, with the pos- 
sible exception of the one in the upper frontal 
region 

Responses that seem to be related to speech 
can be obtained following electrical stimula- 
tion of other cortical regions For example, in a 
conscious patient a stimulus applied to the 
lower part of the precentral gyrus in the lips, 
jaw, and tongue areas of either hemisphere 
causes the emission of a crude sound like the 
cry of an infant or of an epileptic at the begin- 
ning of an attack This sound does not re- 
semble a spoken word Similarly, stimulation 
in the supplementary motor area on the mesial 
surface of either hemisphere causes vocaliza- 
tion, perhaps less crude than the former but 
definitely not speech These kinds of stimuli 
are believed to be transmitted to the cortex of 
area 4 m a pattern that evokes vocalization as 
a motor act independent of the higher cortical 
associations necessary for speech Ablation of 
either of these areas causes only a temporary 
speech defect, perhaps motor m nature One 
should add, however, that operations upon the 
lower part of the precentral gyrus is the domi- 
nant hemisphere may cause temporarily a true 
aphasia This is believed to represent some 
interference with the function of area 44, pos- 
sibly as a result of interruption of its blood 
supply 

Classification of the Aphasias. There is no 
one system for classifying aphasias, the several 
neurologists who have studied this phenom- 
enon having usually proposed categories that 
seem consistent with their own findings In 
this account the views of Sir Henry Head 
(1926), an English neurologist, are followed 
(Fig 9 126) Head’s studies, done upon pa- 
tients suffering from gunshot wounds of the 
cerebral cortex, led him to the conclusion that 
most aphasias could not be identified as 
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Fig 9 126 Brain map to show locations of cortical 
lesions responsible for types of aphasia described by 
Head (1926) From Penfield and Roberts 1966 


Simply motor or sensory in type because each 
patient exhibited multiple or combined defi- 
ciencies He concluded that speech mecha- 
nisms are more diffusely represented than 
many authors have supposed, and that the 
several cortical speech “centers” do not have 
discrete and independent functions He noted 
that the more complicated or abstract the idea 
which must be understood or expressed, the 
greater is the difficulty Thus, an aphasic pa- 
tient may be able to name objects correctly 
but fails to find the word for a more abstract 
idea, e g , color Shown a black object, for in- 
stance, and asked to name its color he fails to 
do so, yet indicates that he recognizes that it is 
black by saying “what you do for the dead ” 
An aphasic soldier when shown a red object 
said, “what the staff wear ” 

Head divided aphasia into four types, as fol- 
lows 

1) Verbal Defects The outstanding feature is 
that the power to express an idea in words is 
practically lost The patient, however, is not 
entirely speechless but can usually utter a few 
monosyllables, “yes” or “no,” etc , or ejacula- 
tions and emotional expressions, such as, 
“damn,” “oh dear me ” When the disorder is 
less severe, the words are mispronounced but 
sentences are correctly constructed For such 
patients reading is difficult, and writing is 
defective or impossible They usually under- 
stand printed or oral commands 

2) Syntactical Defects (Agrammatism, 
Jargon Dysphasia) The patient is voluble but 
speaks a jargon in which, though the individual 
words may be fairly accurately pronounced, 
they are strung into short phrases or badly 
constructed sentences without articles, prepo- 
sitions, or conjunctions The ability to read 
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aloud IS impaired, and the understanding or 
ordinary conversation is defective 

5) Nominal (Naming) Defects In this form 
of speech disorder the patient has difficulty in 
finding the right word to express his meaning 
or for naming a well-known object He will 
often employ a descriptive phrase in substitu- 
tion for the word which he cannot recall These 
patients can draw from a model either directly 
or from memory, after it has been shown and 
then removed, but are usually unable to draw 
from imagination They write a coherent letter 
with difficulty, usually fail to carry out simple 
arithmetical exercises, and confuse the values 
of coins 

4) Semantic Defects A patient suffering 
from this type experiences little difficulty in 
articulate speech, can name objects, under- 
stands invividual words and some sentences, 
but the general meaning of what he hears es- 
capes him He often fails to follow his own ut- 
terances to an intelligent conclusion, his sen- 
tences trailing off as though he had forgotten 
what he had started out to say When shown a 
picture he picks out the details but fails to 
grasp the meaning which it conveys to others 
Such a patient therefore misses the point of a 
joke whether this is printed, told to him, or is 
in pictorial form He fails to comprehend the 
significance of much that he sees and hears 
There is no impairment in the pronunciation 
of words and, though speech tends to be m 
short jerky sentences, syntax and intonation 
are not disturbed 

Head discarded the conception that the 
neural basis of speech consists of strictly lo- 
calized anatomical “centers'’ wherein resides 
exclusively one or other of the speech functions 
— auditory, visual or motor He believed, how- 
ever that regions exist m the cortex “where the 
progress of some mode of action can be rein- 
forced, deviated or inhibited ” These regions 
constitute foci of integration— convergence 
points for association paths Destruction of one 
or other of such foci or “knots” of association 
paths will depress as a whole the psychological 
processes underlying speech Nevertheless, the 
nature of the speech disability is influenced by 
the particular region of the cortex involved If 
the lesion is in the neighborhood of the lower 
part of the precentral and postcentral convolu- 
tions of the dominant hemisphere the speech 
defect tends to be of the verbal type In injury 
to the temporal lobe the speech defect tends to 


be of the syntactical type In a lesion m the 
region of the angular gyrus of the dominant 
hemisphere the patient has difficulty, particu- 
larly, m finding names for things (nominal 
defect), damage to the cortex m the region of 
the supramarginal gyrus results m a semantic 
defect 

OTHER DISABILITIES OF SPEECH AND 
PERCEPTION 

Anarthria or dysarthria is loss or difficulty 
of speech due to paresis, paralysis or ataxia of 
the muscles concerned in articulation There is 
no impairment of the psychical aspects of 
speech, i e , “internal speech” is unaffected, 
there is no difficulty in the comprehension of 
spoken or written speech Other functions, e g , 
swallowing, which are dependent upon the 
same groups of muscles as those used in 
speech, are also frequently affected 

Apraxia (unable to act) is the inability to 
perform purposeful movements at will, either 
at command or in imitation, though the mus- 
cles normally engaged m the act are not para- 
lysed It is allied to aphasia, which might be 
called apraxia of the speech faculty Apraxia 
may be sensory or motor In the former, the 
patient does not recognize the significance of 
an object and therefore cannot put it to its 
proper use, this is visual agnosia In motor 
apraxia the patient has no conception, or a 
very defective one, of the pattern of muscular 
movement required to perform a purposeful 
act For example, apraxia of the tongue is fre- 
quently seen in hemiplegic patients The 
tongue cannot be protruded upon request, but 
a moment later the patient may without 
thought lick his lips 

Agnosia (not knowing) is a defect higher 
than the mere inability to perceive tactile, vis- 
ual, auditory or other forms of sensation, it 
results rather from the failure to interpret sen- 
sory impressions which enable an object, 
sound, or symbol to be recognized and have 
meaning “Word blindness” and “word deaf- 
ness” are forms of visual and auditory agnosia, 
respectively 

Astereognosis is a disorder m which though 
sensations of touch and muscle sense are re- 
tained, the patient cannot recognize an object 
placed in his hand if his eyes are closed Visual 
agnosia is seen in lesions of the occipital lobe 
of the dominant hemisphere, auditory agnosia 
in injury to the temporal cortex, and astereog- 
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nosis m lesions of the parietal lobe posterior to 
the postcentral gyms 

Agraphia or dvsgraphia, the inability to 
write or difficulty in writing, may occur with 
visual agnosia because of a handicap in the 
recognition of written words, i e , a word blind- 
ness 

Learning is defined as a more or less perma- 
nent modification of response that occurs as a 
result of practice, experience or observation It 
is studied by testing input -output relations 
just as the connectionb of a stretch reflex 
through the spinal cord are studied Both the 
input and the output are more complex, how- 
ever, the latter usually falLng into the category 
that is known as behavior Learning has been 
investigated in literally huidreds of different 
behavioral situations, with '•esults far too di- 
versified for summary hee Nevertheless, 
many of them can be clas-ified under two 
major headings as being eithir classical (type 
I) or instrumental (type II) conhtionmg 

In classical or paulouian coniitionmg (Pav- 
lov, 1928), the stimulus to whici the subject is 
to be conditioned is always folowed by the 
unconditioned stimulus, perhap* food, or an 
electrical shock The subject ha no control 
over receiving, avoiding, or escajmg the un- 
conditioned stimulus, and the coditioned re- 
sponse when it develops seems come m 
spite of rather than by the mtenton of the 
subject 

Instrumental conditioning, on te other 
hand, refers to procedures in which he sub- 
ject’s behavior to the initial stimulu deter- 
mines whether or not the subsequent ^mulus 
IS presented Thus, the pressing of a bt after 
the initial stimulus is presented may bring 
about a reward such as delivery of fo^, or 
prevent a punishment such as an ektric 
shock Conditioning has occurred when the 
subject has learned to make the appropijte 
response to the initial stimulus 

Classical Conditioning 

It was Pavlov (1928) who, m the course \ 
extensive studies on the physiology of th 
digestive glands, first began a systematic ex 
perimental investigation of conditioning phe- 
nomena Basically, the experimental procedure 
for classical conditioning involves the repeated 
pamng of two stimulr a) an unconditioned 


stimulus (UCS) which at the beginning of the 
experiment evokes a regular and measurable 
response called the unconditioned response 
(UCR), and h) a conditioned stimulus (CS) 
which initially is ineffective (neutral) and does 
not elicit the UCR at the outset of the experi- 
ment Following repeated presentations of the 
conditioned stimulus and the unconditioned 
stimulus, a response resembling the uncondi- 
tioned response may be elicited upon presenta- 
tion of the conditioned stimulus alone Such a 
response is called the conditioned response 
(CR) 

CLASSICAL CONDITIONING EXPERIMENT 

In most of the conditioning experiments per- 
formed by Pavlov, the secretion of saliva was 
chosen as the response to be measured A 
ticking metronome (CS) was presented a few 
seconds before a small quantity of meat 
powder was blown into the dog’s mouth The 
food, elicited a certain amount of salivation 
(UCR) which was measured After a certain 
number of pairings, the sound of the metro- 
nome alone (the food being withheld) elicited 
the secretion of saliva Pavlov called this re- 
sponse a conditional reflex, meaning that the 
occurrence of the response to the previously 
neutral cue was literally conditional upon cer- 
tain operations, namely, the repeated pairings 
of the neutral cue (CS) with the unconditioned 
stimulus The original Pavlovian procedures of 
classical salivary conditioning were subse- 
quently modified by Bekhterev (1933) He sub- 
stituted an electrical shock to the hind legs of 
dogs m place of food as the UCS and studied 
withdrawal and respiratory responses evoked 
by the noxious leg shock After repeated pair- 
ings of the sound of a metronome (CS) with 
the electric shock (UCS), the CS evoked a 
conditioned leg flexion. 

ELECTRICAL RECORDINGS 

Two major classes of bioelectrical events 
which have been measured during conditioning 
are a) spontaneous electrical activity of the 
brain (the electroencephalogram or EEC) 
which has been observed to vary in frequency, 
amplitude, and other properties dunng dif- 
ferent phases of conditioning, and b) electncal 
activity evoked by a stimulus (e g , light flash, 
tone, touch) which may show systematic 
changes in amplitude and wave shape when 
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the stimulus is paired with an appropriate 
UCS The prototype of bioelectncal condi- 
tioning IS the conditioned blocking of the oc- 
cipital a rhythm (8 to 12/sec frequency) which 
was first observed by Dump and Fessard m 
1936 These workers discovered that the click 
of a camera shutter used to photograph a 
blocking elicited by light sometimes produced 
attenuation of the a activity Previous testing 
had shown that the noise of the shutter alone 
had no effect on the electroencephalogram 
Study of this form of conditioning then began 
m many other laboratories, and Jaspar and 
Shagass (1941) were able to duplicate nearly 
all the phenomena of classical conditioning 
(e g , extinction, discrimination, delayed, and 
trace conditioning) 

The latency, magnitude, and duration of 
evoked potentials in the cerebral cortex have 
been studied during conditioning with both 
macro- and microelectrode techniques For 
example, in a detailed study on cats and mon- 
keys, Galambos and Sheatz (1962) used chroni- 
cally indwelling electrodes in different brain 
regions for the study of evoked potentials 
elicited by clicks and light flashes (the CS) A 
puff of air to the face was used as the uncondi- 
tioned stimulus Prior to conditioning trials, 
the CS was presented many times to habituate 
the evoked response to the click When presen- 
tation of the CS resulted in no further change 
m the amplitude of evoked potentials, condi- 
tioning trials were started with the click regu- 
larly followed by the puff of air (UCS) The 
evoked potential to the click increased in am- 
plitude following a few pairings of the CS and 
UCS (Fig 9 127) 

Cerebral cortical activity has been studied 
also by the use of microelectrode techniques to 
monitor single cell discharges during condi- 
tioning (Jasper, Ricci, and Doane, 1960, Yoshii 
and Ogura, 1960). These studies suggest that 
changes in single cell discharge rates do occur 
dunng conditioning, although there is great 
variability associated with the response In the 
typical experiment, an exteroceptive light 
flash (the CS) is paired with an appropriate 
unconditioned stimulus (e g , shock to paw or 
sciatic stimulation) and the unconditioned 
response recorded is either an increase or de- 
crease in the discharge rate of individual neu- 
rons. After repeated pairings, the light alone is 
able to evoke the characteristic discharge rate 
previously associated only with the imcondi- 



F«g 9 127 Ccrtical potential records averaged by 
computer to show response of auditory cortex to sound of 
a click Naive response before habituation Habituated 
response after repeated stimulation Conditioned re 
sponse to click plus puff of air to face {Galambos and 
Sheatz 1962) 

tioned stmulub Repeated extinction and re- 
conditioning ot single cells has been reported 
to occur vith this procedure (Kamikawa et al , 
1964) 

ELECTRCAL STIMULATION 

Anotier technique has been the use of direct 
brain stimulation as either the conditioned or 
uncorditioned stimulus As might be expected, 
mterjuption of the afferent fibers of an extero- 
ceptve conditioned stimulus prevents the 
acqiisition and the performance of a condi- 
tioned response However, direct electrical 
stinulation of the spmal cord, cerebellum, and 
various areas of the cerebral cortex may be 
sibstituted for normal exteroceptive stimuli, 
aid serve as conditioned stimuli For example, 
hstead of pairing an exteroceptive light (the 
CS) with food (the UCS), electrical stimulation 
of the occipital region may be paired with the 
UCS With this procedure, conditioning takes 
place m about the same number of trials as 
when normal exteroceptive signals are used as 
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conditioned stimuli Even electrical stimula- 
tion ol nonsensory areas ot the cortex has been 
used successfully as a conditioned stimulus It 
has also been possible to obtain successful 
conditioning where both the conditioned and 
unconditioned stimuli are applied to the 
cortex electrically (Doty, 1961) 

Miirboi'ilQf! Cou^d'iitJonjiiTjg 

If the response of the animal can affect the 
occurrence or duration of the UCS, then the 
procedure becomes one of instrumental condi- 
tioning The most common instrumental pro- 
cedures used m the study of the neurophysi- 
ology of behavior may be classified as a) es- 
cape and avoidance conditioning, h) operant 
conditioning, c) discrimination learning, and 
e) problem-solving learning The same param- 
eters of conditioning (generalization, extinc- 
tion, etc ) discussed for classical conditioning 
procedures are also found in instrumental con- 
ditioning procedures 

ESCAPE AND AVOIDANCE CONDITIONING 

In escape conditioning, the animal can ter- 
minate an aversive stimulus by making an 
appropriate response In avoidance condition- 
ing, the response prevents the delivery of the 
aversive stimulus The most common re- 
sponses studied have been paw-withdrawal, 
jumping, lever pressing, wheel -turning, and 
shuttling In this last procedure, the animal is 
placed in a two-chambered box with the two 
compartments separated by a hurdle, a 
swinging door, or a line on the floor In order 
to avoid shock, the animal has to learn to re- 
spond to a signal (the CS) by shuttling or hur- 
dling from one compartment into the other 
compartment This is an example of an ac- 
tive task m which the animal must move 
or make some other response to avoid the 
UCS Other procedures, where the animal 
must inhibit a previously learned response to 
avoid an aversive stimulus, are cases oi passive 
avoidance For example, m passive avoidance 
an animal may be tamed to enter a compart- 
ment or to insert its head into a tray for food 
when a CS IS presented After the animal has 
learned this response, an aversive stimulus is 
then presented whenever the animal enters the 
compartment or inserts its head into the tray 
when the CS is presented The animal, in 
order to avoid the shock, must now learn to 
withhold his approach to food The behavior of 
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not approaching food is passive avoidance, 
whereas an animal that must move or make 
some active response (turning a wheel) is dis- 
playing active avoidance 

OPERANT CONDITIONING 

The development of operant conditioning 
procedures is closely associated with the exper- 
imental analysis of behavior by B F Skinner 
(1938) and his associates In the typical 
“Skinner box” situation, a hungry rat is placed 
in a dimly lit box which has a movable lever 
connected to an electric switch The rat ex- 
plores the box and occasionally by chance 
presses its paws upon the lever The number of 
presses for some arbitrary time period defines 
the rat’s preconditioning operant level of bar 
pressing The food magazine is then connected 
to the switch so that when the rat presses the 
bar a pellet of food falls into a dish The rat 
eats, and soon presses the bar again The de- 
livery of foot pellets (the click of the food 
magazine, the food dropping into the food 
tray, etc ) “reinforces” bar pressing The 
number of lever presses plotted against time 
provides a record of the course of operant con- 
ditioning (or operant rate) Often, the un- 
trained rat IS shaped to perform the desired 
bar pressing response by the procedure of suc- 
cessive approximations For example, food is 
delivered whenever the hungry rat approaches 
the bar, then whenever it touches the bar, and 
finally only after it presses the bar 

In operant conditioning the animal must 
make a response before the response can be 
reinforced Skinner (1938) called this behavior 
“operant” because the behavior of the rat op- 
erates on the environment The operant condi- 
tioning situation differs from both classical 
and avoidance conditioning in that a) there is 
no specifiable unconditioned stimulus which 
elicits the response, and h) the animal is free 
to respond at any time in the operant situa- 
tion, but IS usually given discrete trials in 
avoidance and classical conditioning Operant 
techniques have been used in the expenmental 
analysis of the behavior of a wide variety of 
animals including humans. The objective of 
operant techniques is to place some arbitrary 
sample of behavior under experimental control 
so that behavioral processes may be investi- 
gated as a function of a wide variety of condi- 
tions 
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Reinforcement* Definition and Parame- 
ters. The term reinforcement is commonly 
used when discussing operant conditioning, 
although the pairing of the conditioned and 
unconditioned stimulus m classical condi- 
tioning IS also called reinforcement A rein- 
forcing stimulus may be operationally defined 
as a stimulus which alters the probability of 
occurrence of the response that precedes it 
Reinforcing stimuli (reinforcers) may be either 
positive (e g , food, water) or aversive (e g , 
electric shock) The quantity and quality of the 
reinforcement as well as the interval between 
the response and the presentation of the rein- 
forcement (called delay of reinforcement) are 
important variables which affect the orga- 
nism’s behavior during learning (cf Kimble, 
1961) Another important variable is the 
schedule of reinforcement Reinforcement may 
be given on every trial or after eveiy correct 
response (continuous reinforcement) or inter- 
mittently, that is, the response is reinforced 
only part of the time The mam effect of such 
an intermittent or partial reinforcement is to 
make it more difficult to extinguish the re- 
sponse once it has been learned The effect of 
intermittent reinforcement is found in both 
operant situations and discrete trial instrumen- 
tal tasks Partial reinforcement in the operant 
situation may be delivered on either a temporal 
(interval) schedule or on a response (ratio) 
schedule Further details about these tech- 
niques should be looked for elsewhere, for 
example, in Kimble (1961) or in textbooks of 
psychology 

Electrical Self- Stimulation of the Bram. 

The discovery that low voltage electrical stim- 
ulation of various brain loci may be used as 
positive and negative reinforcement has led to 
numerous self-stimulation studies In these 
studies, stimulating electrodes are chronically 
inserted into subcortical structures and con- 
nected by a light flexible cord to a source of 
stimulating current The animal, by pressing a 
bar or lever, delivers a flow of stimulating cur- 
rent to its own brain The electrical circuit is 
constructed so that a fixed duration of stimu- 
lating current is delivered for each bar press 
Thus, the experimental procedure is the same 
as other operant techniques, except that in- 
stead of receiving a food pellet as reinforce- 
ment, the animal receives a slight shock to its 
brain 


Olds and Milner (1954) were the first to dis- 
cover that rats, allowed to stimulate their own 
brains, would maintain high lever pressing 
rates over long periods of time without any 
other reward This interesting and important 
finding has resulted in extensive experimenta- 
tion and speculation concerning the variables 
which influence brain self-stimulation Some 
of the variables shown to be critical determi- 
nants of this phenomenon are the specific 
anatomical locus of the electrode, the intensity 
of the stimulating current, the schedule of 
brain reinforcements, and food and water dep- 
rivation For example, rats with electrodes in 
the lateral hypothalamus will, under contin- 
uous reinforcement, press about 10,000 times 
an hour for brain stimulation but only about 
500 times an hour when the electrodes are m 
the septal or amygdaloid areas With elec- 
trodes m the periventricular system of fibers 
(dorsal longitudinal fasciculus of Schutz), rats 
will actively work to prevent or escape the 
brain stimulation Stimulation of certain 
medial hypothalamic areas yields both positive 
and negative effects With electrodes in these 
brain sites animals can be trained to turn on 
the brain stimulation and then immediately 
turn it off (cf Olds, 1962) The rewarding ef- 
fects of intracranial self-stimulation have also 
been observed m cats, monkeys, and humans 
(Sheer, 1961) During neurosurgery of humans, 
stimulation of various brain loci has resulted 
m verbal reports of feelings of joy and satisfac- 
tion and expenences of tickling and fluttering 
of muscles in the pelvic region which were re- 
garded as pleasurable The patients, given a 
key which controlled the delivery of the bram 
stimulus, would eagerly respond by self-stim- 
ulation 

DISCRIMINATION LEARNING 

Discrimination learning is involved m every 
learning situation, but has been studied most 
extensively with instrumental procedures The 
general procedure used to establish a discrimi- 
nation involves the extinction of responses to 
certain stimuli by withholding reinforcement, 
while a response to some second stimulus is 
maintained by the delivery of reinforcement 
The discrimination experiment was originally 
designed to test the sensory capacities of var- 
ious animals At present, discrimination be- 
havior is often studied as a learning phenom- 
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enon m its own right The two methods of pre- 
senting stimuli m discrimination experiments 
are a) successive presentation of stimuli (con- 
trasts), and b) simultaneous presentation of 
stimuli (choice response) 

Types of Discrimination Task Visual, 
somesthetic, and auditory discriminations 
have been studied m a variety of instrumental 
conditioning procedures The most intensively 
studied of all types of discrimination has been 
visual discrimination — particularly form dis- 
crimination In the typical discrimination task 
with primates, two stimulus objects which may 
differ in either shape, size, or color are placed 
over two food wells on a test tray (Fig 9 128) 
The food well under the correct object is 
baited with food and the other food well is left 
empty The animal must learn to select the 
correct stimulus and move it aside to pick up 
the food in the well The positions of the objects 
on the tray are shifted from one side to the 
other in either a random or balanced order 
Between trials, a screen is lowered in front of 
the monkey so that the appropriate food well 
may be baited Information about these and 
other procedures used in behavioral testing 
of primates may be found in the volume edited 
by Schner et al (1965) 

PROBLEM-SOLVING PROCEDURES 

Problem-solving instrumental procedures are 
no doubt the most familiar of the animal 
testing procedures developed by psychologists 
Originally, many of the so-called probiem- 



Fig 9 128 Generat test apparatus for studying 
learning by way of discrimination performance In this 
form It IS known as the Wisconsin or the Harlow appa- 
ratus 
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solving tasks were designed to test for sym- 
bolic behavior in lower animals Now, it is 
generally assumed that the animals learn 
problem-solving tasks in the same way as 
other instrumental tasks are learned, except 
that the discriminative cues are more subtle or 
complex in the problem-solving tasks 
Problem-solving procedures have been classi- 
fied as learning with complex cues (cf Ratner 
and Denny, 1964) In general, the following 
types of learning tasks may be distinguished 
Maze Learning. Discrimination learning m 
either a T-maze or a Y-maze is one of the most 
widely used instrumental learning techniques 
The discriminative cue may be either spatial 
or nonspatial In a spatial problem, the animal 
chooses between a pair of stimuli which differ 
only in their position in space The animal, for 
example, may be required always to turn left 
or choose the left door m order to receive rein- 
forcement In a nonspatial problem, the two 
discriminative cues each appear m the two 
positions m a random order, and reinforce- 
ment IS correlated with the positive cue For 
example, m a red-green visual discrimination, 
the green alternative may be reinforced inde- 
pendently of its position Spatial and nonspa- 
tial problems may also be used in complex 
mazes For example, at each choice point the 
animal may be required always to turn left 
(spatial) or to turn into the lighted alley in a 
light-dark nonspatial discrimination problem 
In some cases, the animal’s own response 
may be the cue for the correct response at the 
next choice point For example, in a simple- 
alternation problem, the animal must alter- 
nate left and nght turns (LRLR) m a 4-choice 
maze Turning left at the first choice point 
provides the cue for the right turn at the next 
choice point and so on Most mammals can 
readily learn a simple alternation problem as 
they tend normally to alternate spontaneously 
in most maze situations. A more difficult 
problem is the double-alternation pattern 
(LLRR) Rats, typically, fail to learn a double- 
alternation problem, whereas other mammals 
(cats, dogs) are capable of learning a LLRR 
problem but fail to learn a longer sequence 
Delayed Response. The delayed- response 
problem is one of the most sensitive behavioral 
tests and has been used in neurobehavioral 
research to detect the effects of brain lesions, 
drugs, and radiation The delayed- response 
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problem is particularly sensitive to damage to 
the central nervous system, especially the 
frontal lobes In this problem, the animal is 
presented a limited number of choices where 
food might be placed The animal is first 
trained to respond to a particular stimulus in 
order to obtain food The animal is then re- 
strained from approaching the food compart- 
ments or the stimuli over the food wells until 
released The experimenter at the beginning of 
the trial permits the animal to see where the 
food is located by turning on a light over the 
correct food compartment (indirect method) or 
by directly placing food into a particular food 
well (direct method) The light is then turned 
off or a screen is lowered in front of the ani- 
mal, and following a certain delay, the animal 
is allowed access to the compartments or food 
wells The purpose of the testing procedure is 
to determine how long the animal can be de- 
layed without “forgetting” where the food has 
been placed This task commonly has been 
used to determine if an area of the brain is 
involved in immediate memory 

MECHANISM OF CONDITIONING 

One of the oldest theoretical controversies in 
learning theory concerns the question of just 
how does conditioning occur Pavlov believed 
and many authors after him assumed that 
classical conditioning is a neocortical phenom- 
enon It was supposed to be the only level of 
the nervous system with the plasticity neces- 
sary for development of what appear to be new 
connections between stimulus and response 
Later experiments showed, however, that con- 
ditioning can be induced in decorticate ani- 
mals (Hilgard and Marquis, 1940), and m 
spinal preparations (Dykman and Shurrager, 
1956), albeit only after prolonged training 
using intense stimuli Still more recently 
single neurons have been found to exhibit re- 
sponses that are considered to be conditioned 
(Tauc, 1967) Consequently, the capacity for 
conditioning is now regarded as a generalized 
property of neurons, not necessarily dependent 
upon the organization of a higher nervous 
system 

Another point of uncertainty has been the 
relation of somatic muscular movement to 
conditioning, because it was supposed that a 
feedback to the nervous system from skeletal 
muscles was needed for the conditioning 
process The truth of this concept has been 


tested through the use of drugs, e g , curare, 
that block somatic movement Conditioning 
does occur in animals under the influence of 
curare, and the conditioning persists into the 
postcuiare period (Black et al , 1962, Solomon 
and Turner, 1962) In fact, Miller (1969) has 
reported that “learning” was actually facili- 
tated by administration of curare He sug- 
gested that this was because the drug removed 
“ interference from skeletal responses and 
distraction from irrelevant cues” (p 444) 

AUTONOMIC CONDITIONING 

A closely related question is whether condi- 
tioning can take place in the autonomic 
nervous system, independently of somatic 
motor response One of the principal problems 
has been the exclusion of somatic movements 
that might have pioduced secondarily what 
appeared to be a conditioned autonomic re- 
sponse For example, although heart rate is 
completely under autonomic control and 
should be a good subiect for a test of condi- 
tioning, it IS modified also by changes in the 
respiratory pattern that are brought about 
through somatic nerves What is clearly auto- 
nomic conditioning, however, has been demon- 
strated by Miller (1969) and his associates 
Using instrumental techniques they observed 
in rats the conditioning of salivation, heart 
rate, intestinal contiaction, glomerular filtra- 
tion, renal blood flow, and the rate of urine 
formation (Fig 9 129) By appropriate rein- 
forcement they could either increase or de- 
crease any of these variables Their experi- 
ments, therefore, confirm the conclusion that 
conditioning is a much more common or gen- 
eralized phenomenon than most of the earlier 
authors had supposed 

NEURONAL CONDITIONING 

In higher animals because of the multiplicity 
of neurons and pathways involved in learning 
and/or conditioning, it has been extremely dif- 
ficult to discover cellular correlates of the con- 
ditioning process Lower animals, by contrast, 
have simpler nervous systems and lend them- 
selves to study of fundamental processes m 
single cells The discovery that these lower 
forms exhibit conditioning has revolutionized 
this field of study In the gastropod, Aplysia, 
the neurons of the abdominal ganglion are 
large, they are practically uniform in appear- 
ance and location from one animal to another, 
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Fig 9 129 Learninq curves for rats in which heart 
rate was recorded during expertrTients where reward 
was provided by stimulation of the brain All records 
portray rate of heart beat but the physiological change 
for which reward was given was different for each curve 
The two middle records show that rewarding changes m 
intestinal contraction did not alter heart rate Miller and 
Banuazizi 1968 cited from Miller 1969 


they have identified connections, and can be 
penetrated under microscopic observation with 
microelectrodes foi recording of transmem- 
brane potentials, for intracellular stimulation 
or for nucioinjection Using these techniques 
the properties of their membranes have been 
described, svnaptic potentials have been re- 
corded, and the role of chemical transmitters 
has been clarified (Tauc, 1967) With reference 
to these properties these neurons are not 
unique, hut rather serve as convenient exam- 
ples of what happens m nerve cells upon stim- 
ulation Their value m the study of condition- 
ing, however, is derived from the disclosure 
that their sensitivity to stimulation is a func- 
tion of their immediate histozy (Tauc, 1967, 
Kandel and Spencer, 1968) Whether or not a 
cell will respond to a stimulus of a given 
strength depends upon whether or not it has 
been previously stimulated, and the conditions 
of the previous stimulation Furthermore, 
when stimuli are delivered via two different 
afferent nerves they interact at the synaptic 
membrane of the ganglion cell m a fashion 
that appears to simulate pavlovian condi- 
tioning These and related observations have 
given a strong impetus to theories in which 
conditioning and learning are regarded as lo- 
calized changes in or on the surface of neurons 
Although there seems to be no doubt that in 
higher nervous systems and m more complex 


responses the phenomena of conditioning, 
learning, and memory involve pathways and 
circuits rather than single cells, yet what hap- 
pens in a circuit must be determined ulti- 
mately by the state of the cells that comprise 
it One may suppose that learning is character- 
ized by physicochemical changes m cells as a 
result of conditioning, and that these changes 
in turn create the possibility of memory 


The exact nature of the changes in the 
nervous system that constitute the memory 
trace remains unknown There are, however, a 
number of studies that shed some light on this 
fascinating problem (See John, 1967, Byrne, 
ed , 1970) 

One of the earlv speculations concerning the 
estalilishment of the memory trace is generally 
attributed to Muller and Pilzecker (1900) In 
order to account for the phenomenon of de- 
creased retention of recently learned material 
when another activity intervenes between ini- 
tial learning and retention testing, Muller and 
Pilzecker proposed the existence of a neural 
perseverative process This perseverative 
process was presumed to be easily interfered 
with by external influences and was also con- 
sidered necessary to the “consolidation” of the 
memory trace for recently learned material 
Most of the more recent investigators have 
accepted this concept, namely, that the estab- 
lishment of a memory trace takes place m two 
stages, an initial stage m which the memory 
tiace is evanescent and easily disrupted, and a 
later, more stable state, dependent on the ini- 
tial process and which is the “permanent” 
memory trace 

For many years the only evidence m support 
of such a proposal was the retrograde amnesia 
seen in many patients after cerebral trauma 
Head injuries are often followed by loss of 
memory for events occurring dunng the period 
preceding the injury With the advent of elec- 
troshock therapy for psychoses m the late 
1930’s, further evidence for this two-stage na- 
ture became available Shock is administered 
through electrodes applied to the skin of the 
head It leads to unconsciousness, and presum- 
ably disrupts by electrical energy much if not 
all of the neuronal circuits of the brain — at 
least temporarily Many physicians and inves- 
tigators who used or studied electroconvulsive 
shock (ECS) found that it too produces a dif- 
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TIME (MINUTES) BETWEEN PUNISHMENT AND ECS 


F»g 9 130 Effect of electroconvulsive shock (ECS) 
on retention as a function of the time interval between 
the learning experience and the application of ECS The 
data show that if the interval between learning and ECS 
IS as long as 1 80 min the ECS does not prevent learn- 
ing retention (Heriot and Coleman 1962) 

ferential loss of memory only for events imme- 
diately preceding the shock treatment (e g 
Williams, 1950) The time course ot the effects 
of ECS on the memory trace has since been 
explored m a number of studies For example, 
Henot and Coleman (1962) trained rats to 
press a lever for a food reward Then the lever 
was electrified so that the animals received a 
slight shock when the lever was touched After 
this, animals avoided the lever The animals 
were divided into groups which received also 
an ECS at intervals ranging from 1 to 180 mm 
after the initial, slight shock Control animals 
and animals receiving ECS 180 min after 
being shocked by the lever showed a signifi- 
cant decrease in number of lever pressings 
Animals receiving ECS within an interval of 
26 mm pressed the lever at the same rate as 
before being shocked, they apparently did not 
remember their unpleasant experience with 
the lever (Fig 9 130) Other studies have shown 
that this consolidation phase may require from 
about 15 mm to possibly several months (Gell- 
horn, 1945), depending on the learning situa- 
tion and on the procedure used in disrupting 
the consolidation Other procedures that have 
been successfully utilized to disrupt the con- 
solidation phase include hypothermia, insulin 
coma, Metrazol convulsions, anoxia, some 
anesthetic agents and application of chemicals 
or electrical stimulation to local regions of the 
brain 


NATURE OF THE STAGES 
If the sequence of conditioning-learnmg- 
memory is analogous to other types of neural 
activity, then it must depend ultimately upon 
conduct of nerve impulses through circuits of 
neurons Perhaps the simplest way m which 
this can be described is to suppose that when a 
sensory field, for example, is registered upon 
neurons of the cerebral cortex (phase I, Fig 
9 131), the circuit through which the activity 
was carried from brainstem to cortex becomes 
temporarily self-excitmg, because of changes of 
the type exhibited by Aplysia ganglion cells, as 
described above (phase 11, Fig 9 131) This ac- 
tivity may or may not become evident at the 
level that is called consciousness, but because 
the circuit remains in action its activity can be 
diverted to the conscious level rather easily 
where it becomes evident as memory During 
the time that the sensory information is stored 
in such a circuit it can be either retrieved or it 
can be destroyed, as m the case of ECS treat- 
ment This is the initial stage of learning, the 
stage of “registration” (Jarvik, 1970) Inas- 
much as all neural activity is based upon phys- 
icochemical changes both along axons and at 
synapses, this stage must have such a basis 
If the activity in the circuit is intense 
enough, or if it persists long enough, it is as- 
sumed to create more nearly permanent 
changes m the neurons involved (phase III, 
Fig 9 131) As a result of these changes any of 
the cells that earned the activity is likely to 
re-establish the complete circuit whenever it is 
activated This means that a circuit that m the 
first instance was integrated into a pattern 
because of repetitive neural activity has now 
been altered so that the pattern tends to be 
reassembled because of some structural or 
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Fig 9 131 Relation of time to "strength' of memory, 
with curves showing hypothetical duration of three phases 
in memory process (John, 1970) 
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chemical change m its elements This is the 
stage of “retention/ brought about hv “consol- 
idation ” The nature of the alterations that 
convert phase 11 into phase III has been 
studied in man\ laboratories, with results that 
are fascinating e\en though as vet thev are not 
entirely consistent in their significance 

/chemical correlates of memory 

There are man\ indications that intracel- 
lular protein synthesis invoking ribonucleic 
acid (RNA) may play a vital role in the long- 
term menifirv trace RNA is a substance ca- 
pable of preserving a structural modification 
by continually imposing on molecules being 
formed with neural tissue a structure that 
could be determined bv learning and experi- 
ence One of the first to suggest that RNA 
might be this substance was Hyden (see 1962), 
who showed that stimulation of the brain tis- 
sues of rats and rabbits caused an increase of 
RNA m the neurons In later studies Hyden 
dissected out, and chemically analyzed, single 
cells from the lateral vestibular nucleus of rats 
trained to climb and balance on a steel wire 
mclined at a ih-degree slope, m order to ob- 
tain food He found that significant changes 
took place m the composition of the nuclear 
RNA Of the four amino acids that form 
RNA — adenine, cytosine, guanine, and 
uracil — Hyden found an increase m adenine 
and a fall m cytosine 

More recently there have appeared reports 
of studies which suggest that RNA altered by 
learning may transfer the memory trace from a 
trained animal to a naive animal One group 
(Babich et al , 1965) trained one group of rats 
to press a lever for food in a Skinner box only 
when a blinking light was on Another group of 
rats was trained to pre^ss a lever for food only 
when a click was sounded RNA was then ex- 
tracted from the brains (excluding cerebellum, 
brainstem, olfactory bulbs, and prefrontal 
areas) of these animals and injected mtraperi- 
toneally into untrained rats Some of the un- 
trained rats received RNA from hght-tramed 
rats, other received RNA from click-trained 
rats The untrained rats were then tested in a 
Skinner box for number of lever presses, with 
both click and light flash (at separate times) 
The chck-mjected group responded more to 
click than to light, and the light-injected group 
responded more to light than to click 

Dingman and Sporn (1961) studied the ef- 
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fects of 8-azaguanme on learning m rats in a 
water maze 8-azaguanme is so similar to the 
guanine component of RNA that enzymes re- 
sponsible for RNA synthesis will employ the 8- 
azaguanine rather than guanine and proceed to 
manufacture an RNA quite unlike the usual 
product The administration of S-azaguamne 
did not affect the ability of rats to swim 
through a maze learned some time beforehand, 
that is, it did not affect recall and performance 
of a well-established memory trace Dmgman 
and Sporn next injected rats with 8-aza- 
guanme and then tried to teach them to swim 
a new maze The injected rats made twice as 
many errors as a control group, suggesting that 
the formation of new memory traces is de- 
pressed when RNA synthesis is interfered 
with 

Research on this problem, however, has be- 
come one of the most controversial topics m 
neurophysiology, m part because the results 
reported have seemed inherently implausible 
to many investigators, and in part because of 
reports that certain of the results could not be 
verified The literature is much too large for 
evaluation here, further information is avail- 
able in the proceedings of a recent conference 
on the subject (Byrne, editor, 1970) 

Another means of studying the chemical 
basis of memory is to alter the synthesis of the 
protein that is guided by the cellular RNA 
Thus Flexner et al (1963) reported that pre- 
viously stablished memory traces are dis- 
rupted when animals are given injections 
which may suppress protein synthesis by neu- 
ronal RNA Mice were trained to run to one 
arm of a Y-maze At various times after train- 
ing, the animals were given local intracerebral 
injections of puromycin, an antibiotic which 
inhibits protein synthesis in vivo The intra- 
cerebral injections were administered bilater- 
ally in either the temporal region, the ventric- 
ular region, or the frontal region and all combi- 
nations of these sites Short-term memory was 
lost only with the temporal injections Loss of 
longer-term memory required puromycin over 
basically the entire cortex and possibly the 
thalamus as well 

The results of these experiments seemed 
clearcut when they were first presented, but 
subsequent work has altered some of the inter- 
pretations originally offered (Dethier and Stel- 
lar, 1970) The principal complication is that 
puromycin has effects other than the inhibition 
of protein synthesis, one of which is that it al- 
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ters cerebral electrical activity (see Barondes, 
1970). The reason for this alteration is not 
known, but it apparently is not a direct conse- 
quence of the blocking of protein synthesis, 
inasmuch as other blocking agents do not lead 
to these electrical changes. Puromycin is as- 
sumed to evoke a subconclusive electrical ac- 
tivity in the cortex, which in itself might have 
an effect on memory consolidation. Neverthe- 
less, another blocking agent, acetoxycyclohex- 
imide, likewise interferes with retention of 
learned behavior without altering the cortical 
EEG. This supports the original conclusion 
that protein synthesis is required for consoli- 
dation (Barondes, 1970; Agranoff, 1970). The 
data currently available are in agreement with 
the hypothesis that repetitive activity in a 
neuronal circuit leads to changes in RNA 
composition, as a result of which protein syn- 
thesis is altered in a fashion that permanently 
establishes the possibility of reactivation of 
that particular circuit. 

No studies have delimited any single region 


of the brain as the site of long-term memory. 
Many studies have shown deficits in the reten- 
tion of specific tasks after extirpation of local- 
ized portions of cortex or subcortical structures 
without any generalized deficit of long-term 
memory per se. For example, a learned audi- 
tory intensity discrimination task is lost after 
removal of auditory cortex (Raab and Ades, 
1946). However, tasks involving other modali- 
ties are not lost, and the auditory intensity 
discrimination can be relearned. It seems, al-^ 
though the capacities necessary for perform- 
ance of the task may have resided in the cortex 
in the intact animal, subcortical centers were 
capable of providing the requisite capacities 
for learning the discrimination after the cor- 
tical removal (as noted above). Current evi- 
dence, then, indicates that the capacity for 
long-term memory is widely diffused 
throughout the nervous system with the 
memory trace stored in multiple locations in 
the intact animal. 



DISORDERS OF NEURAL CONTROL 


It IS obvious that lesions at various points m 
the nervous system are likely to produce dif- 
ferent manifestations These differences may 
be revealed as disorders in somatic muscular 
activity Many such disorders have been re- 
ferred to m preceding chapters because of the 
insight they provide into normal functions of 
the several parts of the brain and spinal cord 
This chapter is devoted to brief consideration 
of selected but typical clinical syndromes, pre- 
sented m accordance with the concept of levels 
of function as in foregoing pages 

SSgdieficaiica the Level of a Lesaon 

Destruction of the peripheral nerves 
supplying a skeletal muscle produces an easily 
understood clinical picture The muscle is 1) 
totally paralyzed, it is beyond the patient’s 
control, and he cannot move it, 2) no reflex 
activity of any sort is possible, although in the 
early stages the muscle may still contract in 
response to direct percussion or direct stimula- 
tion with a galvanic current, and 3) the muscle 
wastes away to a useless fibrous cord because 
it IS devoid of innervation and completely 
without use Involvement of this sort is often 
spoken of as a “lower motor neuron” paralysis 
and if may develop following destruction of 
the anterior horn cells m the spinal cord, or 
following' division of the anterior spiiial roots 
or of the muscular nerve One must never for- 
get, however, that not all paralyses are com- 
plete Some innervation may remain and then 
the muscle is weakened but not completely 
paralyzed, the reflexes are diminished but not 
abolished and the wasting is incomplete 

AltEbugh the term “lower motor neuron” 
paralysis is accurate for the condition de- 
scribed above, it has the disadvantage that it 
implies that there is a counterpart, an “upper 
motor neuron” paralysis This is misleading 
for there is no constant reliable entity which 
can be so designated The manifestations of 
involvement of the many neurons which lie 
above the anterior horn cell which are respon- 


sible in one way or another for some phase of 
muscular activity vary widely depending upon 
which such neurons or groups of neurons are 
involved Thus, a severe paralysis with spas- 
ticity and hyperactivity of the stretch reflexes 
may occur if the descending motor pathways 
m the internal capsule are involved If, on the 
other hand, the lesion is limited to the corti- 
cospinal fibers in the central portion of the 
cerebral peduncle one sees a loss of some fine- 
ness and delicacy of movement with little or 
no spasticity and little increase in tendon re- 
flexes Lesions of the globus pallidus combined 
with destruction of the substantia mgra are 
characterized by increased resistance to pas- 
sive manipulation of the extremities, with a 
generalized rigidity of the body and a loss of 
the facial movements of expression and of 
many automatic associated muscular move- 
ments but with little or no true paralysis and 
little if any change in the tendon reflexes As 
noted before a paralysis arising from a lesion 
m the internal capsule is commonly associated 
with a flexor spasticity m the upper extremity 
and an extensor spasticity m the lower extrem- 
ity, whereas a severe lesion in the mesenceph- 
alon IS likely to produce a paralysis with ex- 
tensor spasticity in all four extremities In 
contrast to this, a transverse lesion of the 
spinal cord will produce a complete paralysis 
of voluntary movement m the skeletal muscu- 
lature below the level of the lesion, with a vari- 
able reflex pattern, depending upon the loca- 
tion of the lesion and the pathways which are 
involved One reflex seems to have its own 
specific significance — the sign of Babinski (see 
below) This is a sign of interruption of the 
corticospinal fibers which innervate the mus- 
culature of the great toe, it is not a sign of 
damage to any other corticospinal fibers 
Both “upper” and “lower” motor neuron 
paralyses may be associated with atrophy or 
wasting of the involved muscles Muscular 
wasting IS m general proportionate to the de- 
gree of loss of use of the muscle rather than to 
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loss of innervation Wasting from “upper 
motor neuron’" lesions is never complete be- 
cause even with a total paralysis of voluntary 
activity some reflex activity persists 

Lesions at various levels are likely to involve 
other structures, and thus indicate their loca- 
tion by the nature of the other clinical mani- 
festations which the patient develops (Fig 
9 132) Thus, a massive lesion of the internal 
capsule will produce a contralateral hemihy- 
pesthesia and possibly a homonymous hemi- 
anopia as well as a hemiplegia A unilateral 
lesion m the midbrain often will produce a 
third cranial nerve palsy (with a ptosis of the 
upper eyelid, a paralysis of several ocular mus- 
cles, a dilatation of the pupil and a loss of the 
pupillary light reflex) on the side of involve- 
ment in addition to a contralateral spastic 



Fig 9 132 Diagram illustrating the clinical signs that 
follow typical lesions of the central nervous system 
1) Lesion of cerebral cortex causes monoplegia or hemi- 
plegia depending upon its extent 2) Lesion in internal 
capsule may cause hemiplegia 3) Lesion of midbrain 
may involve descending motor fibers to opposite side of 
body and an ipsilateral eye muscle nucleus 4) or 5) 
Lesion in pons or medulla has results similar to location 
3, but involving other cranial nerves 6) Transection of 
spinal cord causes paraplegia 


hemiplegia Lesions involving one half of the 
lower brainstem may be associated with a pa- 
ralysis of one or more cranial nerves (e g , fa- 
cial, vagus or hypoglossal) on that side of the 
body and a hemiplegia and hemianesthesia on 
the opposite side of the body In contrast with 
this a unilateral lesion of the spinal cord 
produces what is known as a Brown -Sequard 
syndrome — a paralysis of the skeletal muscles 
of the trunk and extremities and a loss of posi- 
tion and vibratory sensibilities below the level 
of the lesion and on the same side, with a loss 
of pain and thermal sensibilities on the oppo- 
site side (Fig 9 133) Obviously the possible 
combinations of symptoms and signs are nu- 
merous and cannot all be discussed in detail 
here Their recognition and proper interpreta- 
tion are dependent upon a thorough under- 
standing of the structure and function of the 
nervous system 

It IS evident that the paralysis is more likely 
to be bilateral if the lesion is situated m a re- 
gion where, as m the brainstem or spinal cord, 
the descending motor tracts of the two sides 
are approximated, than if it is located at a 
level where these tracts are widely separated, 
as in the corona radiata or internal capsule, 
then unilateral effects are usual Complete in- 
terruption of the spinal cord will of course re- 
sult m paralysis on both sides of the body 
below the level of the lesions — paraplegia (see 
next paragraph) 

Lesions of the Spinal Cord 

TRANSVERSE DIVISION 
OF THE SPINAL CORD 

A sudden, or rapidly progressive, complete 
interruption of the continuity of the cord may 
result from injury (e g , gunshot wound, frac- 
ture-dislocation of the spine, etc ) or from 
acute inflammation (e g , transverse myelitis) 
Immediate and complete loss of voluntary 
power below the level of the lesion results 
Paralysis of both lower limbs resulting from 
this or any other nervous lesion is spoken of as 
paraplegia Complete division of the cord m 
the lower cervical region will result m paralysis 
of all four limbs, quadnplegia A lesion of this 
nature in the upper cervical region is of course 
rapidly fatal since the diaphragm and other 
respiratory muscles are isolated from the respi- 
ratory center 

Stage of Spinal Shock Immediately fol- 
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Fig 9 133 Illustration of motor and sensory deficits 
following hemisection of the lower thoracic spinal cord 
Narrow white band at level of lesion indicates total 
anesthesia and analgesia ^Analgesia thermo anesthe- 
sia and partial loss of tactile sense Q Cutaneous hy- 
perthesia M Motor and vasomotor paralysis loss of 
joint muscle vibratory sense 

lowing the injury there is complete loss of vis- 
ceral and somatic sensations, and flaccid pa- 
ralysis below the level of the lesion The skel- 
etal muscles are quite toneless The tendon 
jerks, plantar response, and abdominal reflexes 
are abolished The cremasteric and bulbocaver- 
nosus reflexes, though absent as a rule, may at 
times be elicited The anal reflex is present A 
zone of heightened sensitivity (hyperesthesia) 
immediately above the level of the lesion may 
be present and spontaneous pains in this re- 
gion, or a feeling of tightness encircling the 
body may be experienced by the patient 
There is retention of urine and feces This 
stage IS analogous to the state of spinal shock 
in lower animals but is much more severe and 
prolonged (chap 5) In man spinal shock lasts 
for from 1 to 3 weeks 

Stage of Reflex Activity, After a variable 
period of time, depending largely upon the 
general health of the patient, reflex activity 
begins to return to the isolated spinal cord 
below the level of the lesion. The first reflex to 
appear is usually the sign of Babmski, the ex- 
tensor response of the great toe to stimulation 
of the sole of the foot. This reflex is actually a 
part of the flexor reflex pattern of the lower 
extremities Both exaggerated extensor and 
flexor reflex patterns are usually present with 
lesions of the descending motor pathways 
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They vary m intensity and in relation to each 
other If the lesion lies above the pons the ex- 
tensor reflexes usually predominate K the le- 
sion is in the spinal cord the flexor reflexes are 
usually more prominent than when the lesion 
lies at higher levels and they may exceed the 
extensor reflexes in intensity However, this 
balance between extensor and flexor reflexes 
fluctuates from time to time in any patient 
and is quite variable from one patient to an- 
other After the sign of Babmski has become 
elicitable other flexor reflexes, dorsiflexion of 
the foot, flexion of the knee and hip gradually 
become more marked and more easily elicited 
At first they are usually seen only with stimuli 
which except for the interruption of the pain 
pathways m the spinal cord would be painful, 

1 e , nociceptive stimuli Later less intense 
stimuli such as passive flexion of the toes or 
mere touching of the foot or leg may be suffi- 
cient to provoke a violent flexion of the leg 
When this stage is reached the patient usually 
has a paraplegia in flexion The extensor re- 
flexes begin to return after variable periods At 
first the only demonstrable reflex of this type 
may be the patellar tendon reflex (knee jerk) 
Later the Achilles tendon reflex (ankle jerk) 
will return, ankle and patellar clonus may be 
elicited At times the patient may develop 
severe extensor spasms and the muscles may 
be involved by severe clonic contractions with 
little or no external stimulation At other 
times the extremities may he quietly without 
either extensor or flexor reflexes causing any 
striking disturbances Elicitation of the flexor 
reflexes will immediately result in a subsid- 
ence of ankle clonus or other manifestations of 
the extensor reflexes, and vice versa This inhi- 
bition of the one when the other is produced is 
due to reciprocal innervation On occasion eli- 
citation of the flexor reflexes will be associated 
with evacuation of the bowel and bladder 
However, reflex or automatic evacuation of the 
bowel and bladder need not be associated with 
a violent flexion of both lower extremities 
Such reflex evacuation may result from disten- 
tion of the bladder or rectum as the case may 
be, or may be induced by the patient He may 
produce emptying of the bladder by stimu- 
lating the skm or the inner aspect of the upper 
thigh or reflex defecation by stimulating the 
rectal mucosa at and just above the anal ring 
These reflexes are often used to great advan- 
tage by the paraplegic patient The time of 
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development of these various reflexes and their 
vigor depend in large measure upon the condi- 
tion of the patient and his paralyzed extremi- 
ties A poor state of nutrition or the presence 
of infection in the urinary tract or in decubitus 
ulcers, the development of severe muscular 
wasting or of fibrous changes m the muscles, or 
about the joints will all mitigate against the 
development of active reflex activity 

INCOMPLETE INTERRUPTION OF THE 
CORD 

A bilateral lesion of gradual onset which 
impairs the activity of the descending motor 
pathways usually causes paraplegia in exten- 
sion The muscles are spastic and extensor ac- 
tivity predominates The tendon jerks are ex- 
aggerated and patellar and ankle clonus can be 
readily elicited Paraplegia m extension is 
more or less comparable to decerebrate ex- 
tensor rigidity The “extensor” plantar re- 
sponse, which is m reality a part of the flexor 
reflex pattern, is present, but much less in- 
tense than m paraplegia in flexion It is asso- 
ciated with much less contraction in other 
flexor muscles and may be accompanied by a 
crossed extensor reflex The mass reflex is ab- 
sent The abdominal reflexes are lost 

The Plantar Reflexes. This is the most 
appropriate place to consider these and other 
superficial reflexes 

The normal plantar response to a light 
scratch applied to the skin of the sole is 
plantar flexion of the four outer toes with no 
movement, or, more usually, plantar flexion of 
the great toe The center for the reflex lies m 
the first sacral segment, its physiological sig- 
nificance is unknown With a lesion of the cor- 
ticospinal fibers from the precentral region to 
the foot at any level above the first sacral seg- 
ment, the normal response is replaced by one 
in which dorsiflexion of the great toe and often 
spreading or fanning of the outer toes occurs 
This response is called after its discoverer the 
sign of Babinski (Fig 9 134) It is elicited best 
from the outer border of the sole The upward 
movement of the great toe is part of a general 
flexor response homologous with the flexor re- 
flex elicitable from the hind limb of a lower ani- 
mal (p 9-70) The flexor nature of the reflex is 
shown by the associated contraction of the 
hamstrings, i e , semitendinosus, semimembra- 
nosus, and biceps femoris, which usually oc- 
curs Its flexor nature is also indicated by the 
fact that an undoubted extensor reflex such as 
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Fig 9 134 A Normal response to plantar sensory 
stimulation B Sign of Babinski following similar stimula- 
tion 

ankle clonus is readily inhibited by evoking 
the Babinski reaction (reciprocal inhibition) 

An “extensor” plantar response is present 
normally m infants up to the first year or so, 

1 e , to the age of walking, and is then probably 
due to the undeveloped state of the cortico- 
spinal tracts It is also present in normal adults 
during deep sleep and in the apneic stage of 
Cheyne- Stokes respiration, being apparently 
due m the latter instance, to anoxemia of the 
motor cortex 

Other Superficial Reflexes. 1) Oppen- 
heim^s reflex is simply a modified Babinski 
response, it is associated with the same condi- 
tions as the latter and has a similar signifi- 
cance It consists in dorsiflexion of the hallux 
which results when a firm downward sliding 
pressure is applied to the skin over the ante- 
rior border of the tibia The Gordon, Chad- 
dock, and Gonda reflexes are other modifica- 
tions of the Babinski response 

2) Abdominal reflexes Lightly scratching 
the skin of the abdomen of a normal person 
causes a reflex contraction of the abdominal 
muscles They do not appear until between the 
6th and 8th months of age when the infant can 
sit up unsupported These reflexes are, of 
course, abolished by any lesion which inter- 
rupts afferent conduction from the skin of the 
abdomen or destroys the anterior horn cells or 
the motor pathways concerned with the ab- 
dominal musculature These reflexes also are 
often abolished by a lesion which interrupts 
the corticospinal pathways above the 7th tho- 
racic segment, but they are not permanently 
abolished by extirpation of the precentral 
gyrus These confusing facts have thrown se- 
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IS, all types of sensation on the opposite side of 
the body tend to be lost or grossly affected In 
addition to the loss or diminution of sensation, 
lesions of the thalamus are not infrequently 
associated with spontaneous pain and with 
marked hypersensitivity which has a very un- 
pleasant quality These manifestations are part 
of the thalamic syndrome described below and 
are not well understood 

The Thalamic Syndrome of Dejerme and 
Roussy. This is a characteristic picture occa- 
sionally seen in thalamic disease The fol- 
lowing are its chief features 

1) Asterognosis and sensory ataxia are due to 
the impairment of cutaneous and kinesthetic 
senses These and the other effects given below 
are mainly on the contralateral side of the 
body 

2) There is some loss of tactile and thermal 
sensations over the body and face, and the 
threshold for these sensations, and for pain, is 
frequently raised Sometimes the patient with 
a thalamic lesion is unable with closed eyes to 
localize the position of a limb, and must grope 
m the air m order to find it (thalamic phantom 
limb), or he may have the illusion that the 
limb IS not there at all (amelognosia) He also 
IS commonly unable to localize a point which 
has been stimulated even though he recognizes 
the stimulus 

3) Spontaneous pam occurs in paroxysms 
and IS often excruciating Other stimuli are 
often associated with an unpleasant sensation 
Cold m particular may be most disagreeable 
but light touch may also be unpleasant These 
spontaneous discomforts and unusual reactions 
to various stimuli are usually referred to as 
thalamic overreaction 

4) Lesions m the thalamus are frequently 
associated with various abnormal involuntary 
movements Choreoathetosis and intention 
tremor are the more common It is believed 
that choreoathetosis results from the involve- 
ment of the projection system from the basal 
ganglia to the anterior part of the ventrolateral 
nucleus of the thalamus, whereas an intention 
tremor arises when the pathway from the den- 
tate nucleus of the cerebellum and the red nu- 
cleus IS damaged at its point of termination in 
the posterior part of the ventrolateral nucleus 
This nucleus in turn projects to the precentral 
motor cortex and it is thought possible that 
these abnormal involuntary movements arise 
because regulating impulses from the thalamus 
to the motor cortex have been destroyed 
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(Bucy, 1942) Furthermore, such lesions com- 
monly give rise to an abnormal posture of the 
extended hand known as the ''thalamic hand ” 
This is characterized by a moderate flexion of 
the wrist and a hyperextension of the fingers 
The same posture of the outstretched hand is 
also referred to by some as the '‘athetoid 
hand ” 

5) Hemiparesis and defects in the visual 
fields which may be seen in some patients ex- 
hibiting the thalamic syndrome are not the 
result of thalamic involvement but are due to 
damage to the neighboring internal capsule 
and geniculocalcanne pathways 

DISORDERS OF THE HYPOTHALAMUS 

The effects which may result from lesions 
(e g , tumors, encephalitis, etc ) involving the 
hypothalamic region fall into the following 
groups a) disturbances m regulation of energy 
exchange or ol water balance, 6) disorders of 
sleep, drowsiness, somnolence, and less com- 
monly, abnormal wakefulness, or reversal of 
the sleep rhythm, c) emotional manifestations, 
laughing, crying, or a state resembling “sham 
rage” m animals, d) phenomena attributable 
to sympathetic or parasympathetic stimula- 
tion, and e) disorders of the sexual functions 
and other signs of failure of normal hypotha- 
lamic control of the anterior lobe of the pitui- 
tary gland 

Any one of the foregoing groups of effects 
may dominate the clinical condition to give 
rise to one or other of the following syndromes 
a) diabetes insipidus (see p 9-135), b) obesity 
with genital dystrophy (sect 7, chap 2, and c) 
narcolepsy 

Narcolepsy. This is the term applied to a 
disturbance in the sleep mechanism in which 
sudden attacks of an irresistible desire for 
sleep occur during the daytime The duration 
of the attacks, which resemble normal sleep, is 
quite brief — from a few seconds to 20 mm or 
so The condition may be a sequel to influenza 
or to epidemic encephalitis involving the hypo- 
thalamus or may result from a tumor or injury 
in this region In other instances the condition 
appears without known cause (idiopathic nar- 
colepsy) Although evidence is not conclusive, 
it is very likely that in these latter, also, disor- 
dered hypothalamic function is responsible, for 
other features, e g , obesity, polyuria, or im- 
pairment of the sexual functions, pointing to 
an abnormality of this region are frequently 
present 
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Cataplexy^ is the term given to a condition 
allied to, and very frequently associated with 
narcolepsy m which the patient as a result of 
some emotion — amusement, anger, fear, em- 
barrassment, or surprise — is seized with com- 
plete muscular relaxation and weakness The 
attack is brief, leasing for a few seconds, or for 
a minute or two at the most Consciousness is 
not lost but the muscles are completely tone- 
less and powerless for the time, and if the at- 
tack supervenes while the subject is standing 
his knees fail him and he sinks to the ground 
The deep reflexes are lost Mirth is especially 
likely to precipitate a cataplectic attack 
Though narcolepsy occurs without cataplexy 
the converse is extremely rare This associa- 
tion of the two conditions at once suggests a 
common pathogenesis, but the muscular aton- 
icity characterizing the cataplectic attack 
cannot be explained upon any physiological 
basis 

MANIFESTATIONS OF CEREBELLAR 
DISEASE 

The signs of cerebellar disease are much 
more pronounced in acute lesions, e g , ab- 
scess, hemorrhage, or trauma, then m those, 
e g , tumor, which develop more gradually In 
slowly developing lesions or after the subsid- 
ence of acute cerebellar disease a certain de- 
gree of compensation for the cerebellar defect 
always occurs The majority of the signs of cer- 
ebellar disease are the result fundamentally of 
asynergia of the voluntary muscles 

The more conspicuous signs of a cerebellar 
lesion are 1) Hypotonia of the skeletal mus- 
cles 2) Asthenia, easy fatigability and slow- 
ness of movement 3) Dysmetna, which is the 
inability to adjust the strength of a contraction 
required to accomplish a given act For exam- 
ple, when the subject is asked to touch a point 
with his finger he overshoots the mark, or, less 
usually, fails to reach it 4) Rebound phenom- 
enon If the patient is asked to attempt a 
movement against a resistance which is then 
suddenly removed, the limb moves forcibly in 
the direction toward which the effort was 
made For example, if the observer holds the 
wrist of the patient, then asks him to bend the 
elbow, and while he is making the effort, the 
forearm is suddenly released, flexion of the 


^This should not be confused with catalepsy, an 
entirely different condition 


arm occurs with an unusual degree of force 
This rebound phenomenon can be attributed 
to the absence of the “braking” action of the 
antagonistic muscles 5) Adiadochokinesis (a = 
privative, diadocho = succession, kinesis = 
movement) is the name given by Babmski to 
the inability to execute alternating movements 
rapidly, e g , pronation and supination of the 
forearm, or flexion and extension of the fin- 
gers 6) Deviation of the eyes, and nystagmus 
7) Gait may be staggering, reeling or lurching, 
often with ataxia of the limbs The attitude of 
the body may be abnormal, the trunk being 
flexed toward the side of the lesion and the 
head rotated with the chin pointing toward the 
sound side 8) Disturbances of speech, which 
may be drawling, scanning, sing-song, or ex- 
plosive in character 9) Intention tremor that 
makes it impossible for the patient to perform 
normal voluntary movements Most of these 
symptoms have been considered m chapter 5 
in connection with normal cerebellar function 

DISEASES OF THE BASAL GANGLIA 

As noted in chapter 5, the chief clinical fea- 
tures of disease of the basal ganglia are a) 
muscular rigidity resulting m disturbances of 
posture and movement, b) involuntary move- 
ments, e g , tremor, athetosis, chorea, c) a loss 
of automatic and associated movements such 
as those of emotional expression, the swinging 
of the arms of walking, etc , and d) absence of 
a paralysis of voluntary movement, although it 
may be distinctly impaired by one of all of the 
other manifestations The basal ganglia are 
particularly susceptible to certain toxins (eg, 
carbon disulfide), to anoxia, and to certain 
encephalitic processes The following are some 
of the syndromes met with a) Progressive 
hepatolenticular degeneration, b) parkinsonism 
—paralysis agitans, c) chorea, d) athetosis 

Progressive hepatolenticular degenera- 
tion (Wilson's disease). This was described 
by Wilson m 1912 It is a progressive disease 
that IS familial, characterized by a complex 
deficiency in copper transport in the blood 
The symptoms are caused by deposition of 
copper m the lentiform nucleus The following 
are its chief features 

1) Muscular rigidity is widespread and pro- 
gressive, it involves face, trunk, and limbs 
Flexors as well as extensors are affected, but 
the former more conspicuously than the latter 
The hypertonus offers a “lead-pipelike” resist- 
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ance to passive movement and results in slow- 
ness and difficulty of movement Eventually, 
contractures occur and the patient is rendered 
almost immobile The rigidity of the facial 
muscles gives a fixed, blank expression The 
mouth is sometimes held widely open, the 
smile or laugh is peculiarly stiff and vacuous 
The hypertonus of the muscles of articulation 
and deglutition leads to dysarthria (p 9-160) 
and dysphagia The rigidity is temporarily 
abolished by the injection of novocaine into 
the muscles 

2) Involuntary movements These consist 
chiefly of tremor (about 6 oscillations/sec ) 
which IS increased by excitement or any at- 
tempt at voluntary movement, sometimes ath- 
etoid movements occur (see below) 

3) Reflexes are normal There are no sensory 
changes and although the muscles often show 
some weakness and are easily fatigued there is 
no actual paralysis 

4) Cirrhosis (multilobular) of the liver is 
found at autopsy, bol during life there may be 
no signs of liver disease In some instances, 
however, symptoms pointing to the liver pre- 
cede the nervous manifestations 

5) Emotionalism Involuntary laughing or 
crying, and some mental deterioration 

6) Greenish brown pigmentation of the 
cornea (m Descemet’s membrane) occurs in 
most cases 

Degeneration of the cells of the putamen 
and globus palhdus, sometimes with cavita- 
tion, IS found at autopsy The caudate nucleus 
is affected to a much less degree 

The Parkinsonian Syndrome. The prin- 
cipal features of this syndrome are the fol- 
lowing a) A coarse tremor involving head and 
limbs The hand may show “pill-rolhng” 
movements, i e , rhythmical movements of 
thumb upon the first two fingers Alternating 
movements of flexion and extension at the 
wrist, or of supination and pronation of the 
forearm, are frequently present When the 
limb IS engaged in some voluntary act the 
movements often temporarily disappear in 
that limb The tremor becomes more pro- 
nounced during emotional excitement or when 
the patient is under a nervous strain It disap- 
pears during sleep The tremor also disappears 
on the paralyzed side if hemiplegia supervenes 
Ablation of the motor area of the cortex, or 
section of the lateral corticospinal tracts also 
abolishes it m the related extremities It there- 
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fore seems to be dependent upon an intact 
pyramidal tract However, this has been ques- 
tioned by some surgeons who believe they have 
abolished the tremor by producing lesions in 
the globus palhdus, the thalamus, or the mid- 
brain b) Muscular rigidity which leads to 
slowness and stiffness of movement The ri- 
gidity is different both in its quality and dis- 
tribution from that characteristic of the decer- 
ebrate animal or of the hemiplegic patient 
Flexors and extensor muscles are affected 
about equally, and the resistance of a limb to 
passive movements has been described as re- 
sembling cogwheels moving slowly upon one 
another, as though groups of muscles gave way 
m succession to the stretching force This cog- 
wheel phenomenon is undoubtedly merely a 
manifestation of the rhythmical innervation of 
the involved muscles which also gives rise to 
the tremor The upper limbs are held in char- 
acteristic attitudes of adduction at the shoul- 
ders, flexion at the elbows, flexion or slight 
extension at the wrists, flexion at the mter- 
phaiangeal joints c) The gait is slow and shuf- 
fling with short steps, or it may be ‘Testinat- 
ing” in character, i e , the patient is bent for- 
ward and hastens along with short quick steps 
as though trying to “catch up to his center of 
gravity” and prevent his failing When pushed 
forward or backward he cannot stop quickly 
but moves by a senes of small rapidly repeated 
steps m the direction in which he is pushed 
Propulsion and retropulsion are the respective 
terms applied to these forward and backward 
movements There is no true paralysis, the re- 
flexes and sensation are unaffected d) One of 
the most constant manifestations of parkin- 
sonism IS the loss of certain automatic and 
associated movements As a result the patient 
does not swing his arms as he walks, the typ- 
ical facial expressions of various emotions are 
decreased or absent and the face is said to be 
maskhke Because the many little movements 
of the body which characterize normal human 
activity are absent the patient stands rigidly 
and without moving, “like a statue ” 

The pathogenesis of these symptoms and 
their relief following administration of dihy- 
droxyphenylalanine (dopa) have been dis- 
cussed m chapter 5, pp 9-110-9-112 

Chorea. There are two principal forms of 
this condition 

1) Sydenham's Chorea (or St Vitus’s dance) 
is one of the manifestations of rheumatic fever 
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Its chief feature is involuntary jerky move- 
ments, semipurposeful in character, involving 
the muscles of the limbs and face Facial 
grimacing, an inability to remain quiet, the 
frequent dropping of objects from the hands, 
and the inability to maintain sustained mus- 
cular contractions characterize the disease 

Sydenham’s chorea may be bilateral or uni- 
lateral Death is rare and there is consequently 
uncertainty concerning its neuropathology In 
those few cases where examinations have been 
made the lesions have been multiple and dif- 
fuse, involving both cerebral cortex and sub- 
cortical structures 

2) Huntington's Chorea is a rare familial 
disease which results in severe disability and 
ultimately terminates fatally It is transmitted 
as a dominant characteristic but the onset is 
usually late in the fourth decade of life Patho- 
logically one finds severe degeneration and 
atrophy of the caudate and lenticular nuclei 
The small cells of the caudate nucleus and 
putamen are particularly affected However, 
the large cells are not entirely spared and 
changes are seen in the globus pallidus and 
cerebral cortex The disease is characterized by 
facial grimacing, jerky gesticulating move- 
ments of the upper extremities and a lurching, 
uncertain gait Speech is dysarthric The 
motor disturbances steadily increase until the 
patient is incapacitated There is mental dete- 
rioration with irritability and occasional homi- 
cidal and suicidal tendencies 

Athetosis IS a form of abnormal involuntary 
movements beginning most often m childhood 
It IS associated with damage to the basal gan- 
glia, particularly the caudate nucleus and the 
putamen This damage may result from as- 
phyxia or injury at birth, or from injury or 
encephalitis subsequently Pure athetosis con- 
sists of slow, writhing, twisting movements of 
the involved extremities and the face In many 
cases there are also quicker, jerky involuntary 
movements and the condition is then termed 
choreoathetosis As with most other abnormal 
involuntary movements these are present 
during all waking hours and are absent during 
sleep They are aggravated by nervous tension 
and are diminished or abolished by the inges- 
tion of alcohol In many patients choreoathe- 
toid movements are unilateral and are asso- 
ciated with a hemiparesis on the same side 
Unilateral choreoathetosis can be abolished by 
removal of the contralateral precentral motor 


cortex (areas 4 and 6) They can also be dimin- 
ished by section of the central portion of the 
contralateral cerebral peduncle which contains 
the corticospinal fibers from the precentral 
gyrus A few cases have been reported in which 
the movements have been decreased after sur- 
gical lesions have been placed in the region of 
the internal segment of the globus pallidus or 
the ansa lenticularis 

DISSEMINATED (MULTIPLE) SCLEROSIS 

This IS a chronic disease of the nervous 
system characterized anatomically by the oc- 
currence of small patches of demyelination fol- 
lowed by overgrowth of glial tissue throughout 
the white substance of the brain (especially in 
the regions beneath the lateral ventricles), and 
spinal cord The lesions in the cord are most 
numerous in the corticospinal tracts and m the 
posterior columns Clinically, the disease is 
marked by an insidious onset, irregular course, 
with remissions and relapses of unpredictable 
duration, and a great variability of signs and 
symptoms between individual cases Progres- 
sive spastic weakness of the muscles of the 
legs, with increased tendon jerks, “extensor” 
plantar response (Babmski) and loss of abdom- 
inal reflexes, is a common manifestation of 
this disease Many patients also complain of 
paresthesias and have a loss of vibration and 
muscle senses from lesions in the posterior 
columns The loss of tactile and pain and 
thermal sensibilities is seldom striking and 
rarely of an enduring nature Impairment of 
vision, or even blindness, may result from in- 
volvement of the optic nerve, chiasma, or 
tract Nystagmus, slurring of speech, and in- 
tention tremor, once regarded as diagnostic of 
the disease, appear late if at all and are mani- 
festations of involvement of cerebellar path- 
ways 

Epilepsy 

Epilepsy IS a disorder arising as the result of 
an abnormal and severe discharge of nerve 
impulses from some part of the central nervous 
system, usually the cerebral cortex 

TYPES OF SEIZURES 

Epilepsy may be generalized, involving the 
entire organism, or localized Generalized sei- 
zures are of three types, grand mal, petit mal, 
and psychomotor 
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In grand mal there is an abrupt loss of con- 
sciousness and a generalized convulsion Two 
stages ot the attack or seizure are recognized 
In the first or tome stage the muscles contract 
tonically, the spasms often twisting the facial 
features and holding the head and limbs in 
distorted positions The arms are most com- 
monly flexed and the lower limbs rigidly ex- 
tended After a few seconds the tonic spasm 
gives place to jerking movements, often vio- 
lent, of the limbs, face, and muscles of masti- 
cation This IS spoken of as the clonic stage 
Either during this stage or in the tonic stage 
the tongue may be bitten Before the onset of 
the convulsion a large proportion of epileptics 
receive a warning in the form of a sensation or 
hallucination, the character of which vanes m 
individual cases The warning sensation or 
aura, as it is called, may be auditory (voices, 
music) visual (flashes of light, sparks) olfac- 
tory, gustatory, cutaneous, visceral or vasomo- 
tor, equilibratory, or anesthetic, i e , a numb- 
ness m some part of the body Turning of the 
head and trunk to one side and deviation of 
the eyes are commonly observed The patient 
sometimes utters a cry or scream — the epi- 
leptic cry — just before consciousness is lost 
After the convulsion the subject remains for a 
time in a stupor Sometimes a number of con- 
vulsive seizures occur m rapid succession, the 
patient failing to regain consciousness m the 
intervals between them This very serious con- 
dition is called status epilepticus 

Minor seizures known as petit mal are char- 
acterized by brief periods during which the 
patient loses contact with his environment He 
stares into space There are no convulsive 
movements 

A third form known as psychomotor epilepsy 
IS marked by automatic movements, such as 
smacking of the lips, chewing, together with a 
clouded, “dreamy” feeling of unreality, or of 
having seen or heard before some sight or audi- 
tory impression which is actually happening at 
the moment (dhja vu or d'eja entendu phenom- 
enon, respectively) Or there may be a con- 
fused mental state persisting for a minute or 
two, or for a longer period. During this time 
the patient may perform automatic acts of 
which he is quite unaware and does not re- 
member Generalized convulsions do not occur 
nor does the subject fall to the ground during 
the psychomotor seizure, but patients who 
have such seizures may also suffer from gener- 
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alized convulsions Psychomotor seizures are 
most commonly due to disturbances in the 
temporal lobe 

Localized epilepsy may occur in several dif- 
ferent forms, these are often referred to as 
Jacksonian epilepsy They signify an abnor- 
mality in a particular part of the brain Thus, 
motor Jacksonian seizures are indicative of a 
disturbance in the precentral motor cortex, 
hallucinations of taste and smell are indicative 
of an abnormal nervous discharge from the 
uncus on the medial surface of the temporal 
lobe, sensory jacksonian seizures indicate dis- 
ease in the parietal region, etc 

Motor jacksonian seizures commonly begin 
by a turning of the head and eyes toward the 
side opposite the cortical lesion if it is located 
m the anterior part of the precentral motor 
cortex, or by a twitching of the foot or leg if it 
IS in the upper part of the precentral region 
Such attacks may also begin with a twitching 
of a finger, or of the hand or the face de- 
pending upon the seat of the irritation in the 
cortex which initiates the attack These con- 
vulsions may remain localized to the part of 
the body m which they start or they may 
spread by a steady “march” to neighboring 
parts as portions of the cortex lying near to the 
original focus become involved in the irritative 
process The spreading convulsion may cease 
after extending to all of one extremity or to 
one side of the body or it may continue until a 
generalized convulsion has occurred 

Such focal or localized convulsive seizures or 
seizures with localized onsets may develop as 
the result of many different kinds of disease 
processes in the brain Tumors, abscesses, 
traumatic scars, vascular abnormalities are 
among the more common processes found to 
be responsible for such attacks It must be 
noted that not all patients who have such dis- 
ease processes suffer from epileptic attacks 
and that even in those patients who do have 
them the attacks occur at relatively infrequent 
intervals although the disease process is con- 
stantly present It is thus obvious that some 
other process, neurological or metabolic, is es- 
sential to the development of such seizures 
The tumor or scar alone is not enough 

Idiopathic or cryptogenic epilepsy. Epilepsy 
which cannot be explained by the presence of a 
demonstrable lesion of the brain is called idi- 
opathic or cryptogenic Though many theories 
have been advanced, the cause of this type of 
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the disease remains obscure There is a tend- 
ency today to look upon epilepsy as a symp- 
tom, or rather a group of symptoms common 
to several rather than to a single primary path- 
ological state Convulsions, whose features are 
indistinguishable from those of the epileptic 
seizure, occur in a number of conditions In 
animals convulsions may be produced by injec- 
tions of absinthe or caffeine Hypocalcemia, 
hypoglycemia, cerebral edema, or anemia and 
other states may be accompanied by general- 
ized convulsions of an epileptiform character 

ORIGIN OF SEIZURES 

With regard to the neural mechanism 
through which the fits ai:e produced, some au- 
thorities have thought that all convulsions are 
the result of increased excitability of the 
cortex and, therefore, comparable in their 
mode of production to those of the Jacksonian 
type, or to those produced by experimental 
stimulation of the cortex Others view the con- 
vulsions as a release phenomenon due to the 
inhibition of cortical areas which normally 
exert a controlling influence upon lower motor 
centers, e g , weakening of suppressor action 
Finally, there is the view of Penfield and Jasper 
(1954) that the primary disturbance in idi- 
opathic epilepsy has its origin m a subcortical 
mechanism 

The close correspondence between the con- 
vulsive seizure as seen in focal epilepsy or after 
artificial stimulation of the cortex, and the fits 
of idiopathic epilepsy appears to support the 
first alternative as a cause of the generalized 
seizure known as grand mal However, the 
primary disturbance responsible for the cor- 
tical discharge in idiopathic epilepsy probably 
lies outside the cortex Evidence for a subcor- 
tical origin of petit mal attacks is provided by 
electroencephalographic studies During such 
an attack, electrical potentials of the wave- 
spike type appear synchronously over pre- 
frontal areas as well as from other widely sepa- 
rated cortical areas This suggests that the cor- 
tical discharges are initiated in a common sub- 
cortical region (centrencephalic system) con- 
nected with extensive areas of the cortex 

The nature of the underlying bodily state 
responsible for the convulsive seizures of idi- 
opathic epilepsy are unknown There are a 
number of drugs, e g , metrazol, which are 
capable of inducing convulsions, and several 


Table 9 7 

Summary of conditions which tend to predispose to or to 
prevent epileptic seizures 


Condition 

Prevents Seizures 

Precipitates 

Seizures 

Oxygen 

Rich supply 

Poor supply 

Acid-base equi- 
librium 

Acidosis 

Ingestion of acids 
or acid-formmg 
salts 

Breathing CO2 

Alkalosis 
Hyperpnea— 
“blowing 
off” CO2 

Water balance 

Dehydration 

Edema 

Semm calcium 

Increase 

Decrease 

Blood glucose 

Normal level 

Decrease (hy- 
poglycemia) 

Body tempera- 
ture 


Increase 


others, e g , phenobarbital and tridione, which 
are anti convulsive Susceptibility to an epi- 
leptic seizure is influenced by several physio- 
logical and biochemical factors which are given 
in Table 9 7, but they do not bear a specific 
relationship to the cause of idiopathic epilepsy, 
but merely affect the tendency to convulsive 
seizures of any kind 

The view that the actual seizure was initi- 
ated by cerebral ischemia resulting from a 
spasm of the cortical vessels has not been sus- 
tained The blood flow through the brain of 
epileptics and the oxygen consumption have 
been found to be no different from those of 
nonepileptics In focal epilepsy, however, local 
ischemia may play a part Nevertheless, bio- 
chemical studies of such epileptogenic areas 
have not revealed any important abnormality, 
and the pH of the extracellular fluid shows no 
change from the normal, or a slight rise 

The induction of a dehydrated state of aci- 
dosis (by means of a ketogenic diet) has been 
employed to reduce the susceptibility of epi- 
leptics to seizures but not very effectively, and 
pitressm combined with an increase m the 
water intake is used as a test {water-pitressm 
test) in diagnosis But m only about 30% of 
epileptics is a seizure precipitated, so a nega- 
tive result does not exclude epilepsy 



Section 9 


BIBLIOGRAPHY 


ADOLPH E F E\rl> concepts of physiological regulations Phy'tiol 
Reu 41 717-770 1961 

ADRIAN, E D The Mechanism of Nervous Action Philadelphia 
Univ Pennsylvania Press 103 pp 19 35 
ADRIAN F D Double representation of the feet in the sensory cortex 
of the cat J Physiol (London) Q8 16P-18P 1910 
ADRIAN E D and D W BRONK The discharge of impulses in 
motor nerve fibres Part II The frequency of discharge in reflex and 
voluntary contractions J Physiol (London) 67 119-151 1929 
ADRIAN, E ( AND B H C MAITHFWS I he Berger rhythm Po 
tential changes from the occipital lobes in man Brain 57 355-385 
1934 

AGRANOFF B W Recent studies on the stages of memory formation 
in the goldfish In Molecular Approachei> to Learning and Memory 
edited by W L Byrne New York Academic Press p 35-39 1970 
AHLQUIST R P A study of the idrenotropic receptors Amer J 
Physiol 15 3 586-600 1948 

AKERT K W P KOELLA and R HESS Sleep produced bv elec 
tncal stimulation of the thalamus Amtr J Physiol 168 260 267 
1952 

ALBE FESSARD D C ROCHA MIRANDA, and F OSWALDO 
CRUZ Activites d origint sornesthCsique tvoquees au niveau du 
cortex non specifiquc ct du centre median du thalamus che/ le singe 
anesthesie ui ihloralose Lleitroma ph Clin Niurophysiol 11777 
787 1959 

AI BE FESSARD D and A ROUGEUl Activites d engine 
somesthesique fvoquees sur le cortex nonspecitique* du chat 
anesthesie au chloralose role du centre median du thalamus Elec 
troenceph Chn Neurophysiol 10 1 31 152 1958 
AMASSIAN V Studies on organization of a somesthetic association 
area including a single unit analysis J Ncurophysiol 17 39 58 
1951 

ANANI), B K , AND I R BROBFK K Hypothalamic control of food 
intake in ruts and cats Yah J Hiol Med 21 1‘23 110 1951 
ANONYMOUS Probing the brain Newsmekl2 60 62, 1971 
ARFIY, L B Deudopmi ntal Inafomy, F'd 7 Philadelphia Saunders, 
695 pp 1965 

ARTENS KAPPFjRS, C U The Evolution of the Nervous tsystem in 
Invertebrates Vertebrates and Man Haarlem, Netherlands Bohn 
3 55 pp 1929 

AXFLROI) I , and I I KOPIN 'Fhe uptake storage, release and 
metabolism of noradrenaline m sy rnfiathetic nerves* /Vogr Brain 
Res 31 21 32 1969 

AXKLSSON J AND S THF2S1F3FF A study of supersensitivitv in 
denervated mammalian skeletal muscle J Physiol (London) 119 
178 19 3, 1957 

BABICH. F R , A I .JA( OBSON, S BUBASH, and A JA( OBSON 
Transfer of a response to naive rats by injection of ribonucleic acid 
extracted from trained rats Science 149 656 657 1965 
BABINSKI, M I Sur le rtflexe cutan^ plantaire dans certames affec 
turns organiques du systeme nerveux central (’ R Soc Biol (Pans) 
48 207-208, 1896 

BAILF2Y, P, and G von BONIN The Isocortex of Man Urbana, III 
Univ Illinois Press, 301 pp , 1951 

BARBOUR, H G Die Wirkung unmittelbarer Erwarmung und Ab 
kuhlung der Warmezientra auf die Korpertemperatur Arch Exp 
Pathol Pharmakol 70 l"-26, 1912 

BARD, P A diencephalic mechanism lor the expression of rage with 
special reference to the sympathetic nervous system Amer J 
Physiol HI 490-515, 1928 

BARD, P , AND C McC BROOKS Localized cortical control of some 
postural reactions m the cat and rat together with evidence that 
small cortical remnants may function normally Res> Puhl Ash Rei> 
Nerv Ment Dis 11 107-157 1954 

BARD, P , AND M B MACHT The behavior of chronically decere 
brate cats In Ciba Foundation Symposium on the Neurological Basis 
of Behavior, edited by G E W Wolstenholme and C M 0 Connor 
Boston Little, Brown p 55-75, 1958 
BARD, P„ AND V B MOUNTCASTLE Some forebrain mechanisms 
involved in expression of rage with special reference to suppression 


of angry behavior Res Publ Ass Res Nerv Ment Dis 27 362- 
404 1948 

BARKEFl, D (ed ) Symposium on Muscle Receptors Hong Kong 
Hong Kong Univ Press 293 pp , 1962 
BARONDES, S H Some critical variables m studies of the effect of 
inhibitors of protein synthesis on memory In Molecular Ap 
proaches to Learning and Memory edited by W L Byrne New 
York Academic Press p 27-34 1970 
BARRON D H and B H C MATTHEWS The interpretation of 
potential changes m the spinal cord J Physiol (London) 92 276- 
321 1938 

BEATON LEG LEININGER W A MckINLEY H W MA 
GOUN AND S W RANSON Neurogenic hyperthermia and its 
treatment with soluble pentobarbital m the monkey Amer Med 
Ass Arch Neurol Psychiat 49 518-536 194 3 
BEKHTEREV V M General Principles of Human Reflexology 
translated from Russian by Emma and W Murphy London Jar 
rolds 467 pp 19 33 

BELL C Idea of a New Anatomy of the Brain Submitted for the 
Observations of His Friends London Privately printed 36 pp 
1811 

BFINZINGER T FI Heat regulation Homeostasis of central temper 
ature in man Physiol Rev 19 671-759 1969 
BERGER, H (Jber das Elektrenkephalogram des Menschen Arch 
Psychiat Nervenkr 87 527-570 1929 
BERMAN A L Interaction of cortical responses to somatic and audi 
torv stimuli in anterior ectosvlvian gyrus of cat J Neurophysiol 24 
608 620 1961 

BERNARD C Lecons sur les Phenamenes de la Vie Communs aux 
Animaux et aux Vegetaux Pans Bailliere p 112-379 1878 
BLACK A H , N J CARLSON, and R L SOLOMON Exploratory 
studies of the conditioning of autonomic responses in curanzed 
dogs Psychol Monogr 76 no 29 (whole no 548), 31 pp 1962 
BLACK, P (ed ) Physiological Correlates of Emotion New York 
Academic Press, 309 pp 1970 

BLOMFIELD b , and D MARK How the cerebellum may be used 
Nature (London) m 1224-1228 1970 
BLOOM, W, and D W FAWCETT, A Textbook of Histology 
Philadelphia W B Saunders 858 pp , 1968 
BODIAN, D Neurons, circuits, and neuroglia In The Neurosciences 
A Study Program edited by G C Quarton, T Melnechuk, and F 0 
Schmitt New York Rockefeller Univ Press p 6-24, 1967 
BOYD I A The structure and innervation of the nuclear bag muscle 
fibre system and the nuclear chain muscle fibre system in mam 
malian muscle spindles Phil Trans Roy Soc B 245 81-136 1962 
BREMER, F Cerveau isol6” et physiologie du sommeil C R Soc 
Biol (Pans) 122 464-467, 1936 

BRICKNER R M An interpretation of frontal lobe function based 
upon the study of a case of partial bilateral frontal lobectomy Res 
Puhl Ass Res Nerv Ment Dis 13 259- 351 1934 
BROCK. LG,,) b COOMBS, and J C ECCLES The recording of 
potentials from motoneurones with an intracellular electrode J 
Physiol (London) 117 431-460, 1952 
BRODMANN, K Vergleichende Lokalisationlehre der Grosshirnrmde 
in ihren Pnnzipien dargestellt auf Grund des Zellenbaues Leipzig 
Barth 324 pp , 1909 

BUCY, P A Neural mechanisms in athetosis and tremor J Neuro 
path & Exp Neurol 1 224-239 1942 
BUCY, P C Is there a pyramidal tract'> Brain 80 376-392, 1957 
BUCY P C , and j F FULTON Ipsilateral representation in the 
motor and premotor cortex of monxeys Brain 56 318-342, 1933 
BULLOCK, T H Signals and neuronal coding In The Neurosci 
ences A Study Program, edited by G C Quarton, T Melnechuk, 
and F 0 Schmitt New York Rockefeller Umv Press, p 347-352, 
1967 

BULLOCK, T H , AND G A HORRIDGE Structure and function in 
the nervous systems of invertebrates San Francisco Freeman, vol 
I, p 1-798, vol II, p 799-1719, 1965 
BUSER, P , P BORENSTEIN, and J BRUNER ;Stude des syst^mes 
‘‘associatifs” visuels et auditifs chez le chat anesthesie au chloralose 
Electroenceph CUn Neurophysiol 11 305-324, 1959 



9_ T 74 B^EORAL C0 6\3TR0L 


Section 9 


BYRNE, W L Molecular Approaches to Learning and Memory New 
York Academic Press, 358 pp 1970 
CAMPBELL A W Histological Studies on the Localization of Cere 
bral Function New York Cambridge Univ Press 360 pp 1905 
CANNON, W B The physiological basis of thirst Proc Roy Soc 
(London) [Sioi] Ser B 90 283-301, 1918 
CANNON, W B Bodily Changes in Pain, Hunger Fear and Rage 
New York Appleton 311 pp 1929 
CANNON, W B Orgaization for physiological homeostasis Physiol 
Reu 9 399-431 1929 

CANNON, W B The Wisdom of the Body New York Norton 312 
pp , 1932 

CANNON W B AND Z M BACQ Studies on the conditions of ac 
tivity in endocrine organs XXVI A hormone produced by sympa 
thetic action on smooth muscle Amer J Physiol 96 392-412 1931 
CANNON, W B AND S W BRITTON Studies on the conditions of 
activity in the endocrine glands XV Pseudaffective medulliadrenal 
secretion Amer J Physiol 72 283-294, 1925 
CANNON, W B H F NEWTON, E M BRIGHT V MENKIN, 
AND R M MOORE Some aspects of the physiology of animals sur 
viving complete exclusion of sympathetic nerve impulses Amer J 
Physiol 89 84-107 1929 

CANNON, W B AND A ROSENBLUETH Studies on conditions of 
activity in endocrine organs XXIX Sympathin E and sympathin I 
Amer J Physiol 104 557-574, 1933 
CARLSSON, A , M LINDQUIST, and T MAGNUSSON 3 4 dihy 
droxyphenylalanine and 5 hydroxytryptophan as reserpine antago 
nists Nature (London) 180 1200, 1957 
CARLSSON, A M LINDQUIST, T MAGNUSSON and B WAL 
DECK On the presence of 3 hydroxytyramine in brain Science 
127 471, 1958 

CARPENTER, M B , and J R WHITTIER Study of methods for 
producing experimental lesions of the central nervous system with 
special reference to stereotaxic technique J Comp Neurol 97 73- 
132, 1952 

CATON, R Interim report on investigation of the electric currents of 
the brain In Experiments on the Biliary Secretion of the Dog 
London 100 pp 1875 Also published as Bnt Med J (Suppl ), 
1875-1877 

CHANG, H -T , T C RUCH, and A A WARD, Jr Topographical 
representation of muscles in motor cortex of monkeys J Neurophy 
mol 19 39-56, 1947 

CLARK, G , H W MAGOUN, and S W RAN SON Hypothalamic 
regulation of body temperature J Neurophysiol 2 61-80, 1939 
CLARKE, E , AND C D O’MALLEY The Human Brain and Spinal 
Cord Berkeley Univ California Press, 926 pp , 1968 
COHN, D , AND D JOSEPH Influence of body weight and body fat 
on appetite of “normal” lean and obese rats Yale J Biol Med 
34 598-607, 1962 

COPENHAVER, W M . R P BUNGE, and M B BUNGE Bailey's 
Testbook of Histology, Ed 16 Baltimore Williams & Wilkins, 745 
pp , 1971 

COTZIAS, G C Metabolic modification of some neurologic disorders 
J A M A, 210 1255-1262, 1969 

COTZIAS, G C , P S PAPAVASILIOU, and R GELENE Modifica 
tion of Parkinsonism — chronic treatment with l-DOPA New Eng 
J Med 280 337-345, 1969 

COTZIAS, G C , M H VAN WOERT, and L M SCHIFFER Aro 
matic amino acids and modification of Parkinsonism New Eng J 
Med 276 374-379, 1967 

CREED, R S , D DENNY-BROWN, J C ECCLES, E G T LID 
DELL, AND C S SHERRINGTON Reflex Activity of the Spinal 
Cord New York Oxford Univ Press, 183 pp , 1932 
CROSBIE, R J , J D HARDY, and E FESSENDEN Electrical an 
alog simulation of temperature regulation in man IRE Trans Bio 
Med Elect 8 245-252, 1961 

CROSS, B A , AND J D GREEN Activity of single neurones m the 
hypothalamus Effect of osmotic and other stimuli J Physiol (Lon- 
don) 148 554-569 1959 

CURTIS, D R , A W DUGGAN, D FELIX, and G A R JOHN 
STON GABA, bicuculhne and central inhibition Nature (London) 
226 1222-1224, 1970 

CUSHING, H A note upon the faradic stimulation of the postcentral 
gyrus in conscious patients Brain 32 44-53, 1909 
DALE, H H On some physiological actions of ergot J Physiol (Lon 


don) 34 163-206, 1906 

DALE H H Nomenclature of fibres in the autonomic system and 
their effects J Physiol (London) 80 lOP-llP 1933 
DALE, H H AND W FELDBERG The chemical transmission of se 
cretory impulses to the sweat glands of the cat J Physiol (London) 
82 121-127 1934 

DAVIS, R A Victorian physician scholar and pioneer physiologist 
Surg Gynec Obstet 119 1333-1340, 1964 
DE KLEIJN, A Experimental physiology of the labyrinth J Laryng 
38 646-663, 1923 

DEL CASTILLO J and B KATZ Local activity at a depolarued 
nerve muscle junction J Physiol (London) 128 196-411 1955 
DELGADO J M R Telemetry and telestimulation of the brain In 
Bio telemetry edited by Lloyd Slater New York Pergamon Press, 
p 231-249 1963 

DELGADO, J M R Modulation of emotions by cerebral radio stimu 
lation In Physiological Correlates of Emotion edited by P Black 
New York Academic Press chap 9 p 189-202 1970 
DENNY BROWN D On the nature of postural reflexes fVoc Roy 
Soc (London) [Biol\ Ser B 104 252- 101 1929 
DERBYSHIRE, A J B REMPEL, A FORBES, and E F LAM 
BERT The effect of anesthetics on action potentials m the cerebral 
cortex of the cat Amer J Physiol 116 557-596 1916 
DE ROBERTIS E D P Hustophysiology of Synapses and Neurosecre 
tion New York Macmillan, 244 pp , 1964 
DE ROBERTIS, E D P , and R CARREA (eds ) Biology of Neu 
roglia P-ogress in Brain Research Amsterdam Elsevier vol 15, 297 
pp , 1965 

DETHIER, V G , AND E STELLAR Animal Behavior, Ed 1 Engle 
wood Cliffs, N J Prentice Hall, 152 pp , 1970 
DINGMAN W, AND M B SPORN The incorporation of 8 a?a 
guanine into rat brain RNA and its effect on ma/e learning by the 
rat an inquiry into the biochemical basis of memory J Psychmt 
Res 1 1-11, 1961 

DOTY, R ^ Conditioned reflexes formed and evoked by brain stimu 
lation In Electrical Stimulation of the Brain edited by D E Sheer 
Austin Univ Texas Press, p 397-412, 1961 
DREIFUSS, j j , I KALNINS J S KELLY, and K B RUF Action 
potentials and release of neurohypophysial hormones in vitro J 
Physiol (London) 215 805-817, 1971 
DU BOIS, E F Heat loss from the human body Bull N Y Acad 
Med Ser 2, 15 142-173, 1939 

DURUP, G, AND A FESSARD L’6lectroencQ)halogramme d T 
homme Donnies quant itatives sur I’arret provexju^ par des stimuli 
visuels ou auditifs C R Soc Biol (Pans) 122 75(> 758, 19 16 
DYKMAN, R A , and P S SHURRAGER Successive and mam 
tamed conditioning m spinal carnivores J Comp Biysiol Psychol 
49 27-35, 1956 

ECCLES, J C The Neurophysiological Basis of Mind Oxlord Clar 
endon Press, 314 pp , 195 J 

ECCLES, J C The Physiology of Nerve CelLs Baltimore Johns Hop 
kins Press, 270 pp , 1957 

ECCLES, J C Postsynaptic inhibition in the central nervous system 
In The Neurosciences A Study Pogrom, edited by G C Quarton, 
T Melnechuk, and F 0 Schmitt New York Rockefeller Umv 
Press, p 408-427 1967 

ECCLES, J C . D S FABER J T MURPHY, N H SABAH, and 
H TABORIKOVA Investigations on integration of memsy fiber in- 
puts to Purkmje cells m the anterior lobe Exp Brain Res 13 54-77, 
1971 

ECCLES, J C , M ITO, and J SZENTAGOTHAI The Cerebellum 
as a Neuronal Machine New York Springer Verlag, 3t35 pp , 1967 
EISENMAN, J S Pyrogen induced changes in the therraosensitivity 
of septal and preoptic neurons Amer J Physwl 216 'ik) 334, 1969 
EPSTEIN, A N , J T FITZSIMONS, and B J ROLLS Dnnkmg 
induced by injection of angiotensin into the bram of the rat J 
Physiol (London) 210 457 474, 1970 
EPSTEIN, A N , D SPECTOR, A SAMMAN, and C GOLDBLUM 
Exaggerated prandial dnnkmg m the rat without salivary glands 
Nature (London) 29 1342-1343, 1964 
EPSTEIN, A N , AND P TEITELBAUM Severe and persistent defi 
cits m thirst produced by lateral hypothalamic damage In Thirst, 
edited by M J Wayner OxJFord Symposium Publications Division, 
Pergamon Press, p 395-410, 1964 

ERLANGER, J , and H S GASSER Electrical Signs of Nervous Ac- 



Section 9 


Bibliography 9-175 


tivity Philadelphia Univ Pennsylvania Press 221 pp , 1937 
EVARFS F V Representation ol movements and muscles by pyram 
idal tract neurons ot the precentril motor cortex In Neurophysi 
ologital Basis of Normal and Abnormal Motor Activities edited by 
M D Yahr and D P Purpura New York Raven Press p 215 251 
1%7 

F ATT, P AND B K VI Z Spontaneous subthreshold activity at motor 
nerve cndinRs J Physiol (London) 117 109 128 1952 
FISHER C W R INGRAM and S W RANSON Dnbetes insi 
pidus and the ncuro hormonal control ol water balance A contnbu 
tion to the structure and function ol the hypothalamico hypophyseal 
system Ann Arbor Mich Fdwards Brothers 212 pp 1918 
FnZSIMONS I 1 The role of a renal thirst factor in drinking in 
duced by extracellular stimuli J Physiol (London) 201 149- lb8 

1969 

FI EXNER I B L B FLFANER and F STELLAR Memory in 
mice as allectcd by intracerebral puromycm Science 141 57-59 
1961 

FOERS PER 0 The derm homes in man Brain 56 1-19 1911 
FOIKOW F AND F H RUBINSTEIN Behavioural and autonomic 
patterns evoked by stimulation of the lateral hypothalamic area in 
the cat Acta Ph\siol Scand 65 292 299 1965 
FRENCH J D R HERNAnDFs/ l^EON and R B LIVINGSTON 
Projections from cortex to cephalic brim stem (reticular formation) 
in monktv J Neuroph\siol 18 71 95 1955 
FULTON I F Physiology of the Nervous System, Fd 1 New York 
Oxford Univ Press 667 pp 1919 

hUlTON, J h Frontal 1 obotomy and \ffectiue Behavior New York 
Norton 159 pp 1951 

FULTON, I I AND L G WH SON Selected Readings in the History 
of Physiology, Ed 2 Springfield 111 Thomas, 492 pp 1966 
FURCHtirOTT K F Dibenarnine blockade in strips of rabbit aorta 
and its use in dilfereuitiating receptors J Pharmacol Exp Then 
m 265 2H4, 1951 

FUS(X) M M I D HARDY, and H T HAMMEL Interaction of 
central and pe*nphtral factors m physiological temperature regula 
tion Arner J l^hyswl 21K) 572 580 1961 
GALAMBOS R Suppression of auditory nerve activity by stimula 
tion o( efferent fibers to tochlea J Neurophysiol 19 421-417 1956 
GALAMBOS R, and G V SHEATZ An clectrocncephalographic 
study ot classical conditioning Amer J Physiol 20,1 171 184, 1%2 
GARDNER M R , and W R ASHBY Gonnet tance of large dynamic 
(cybernetic) systems ('ritical values for stability Nature (London) 
228 784 1970 

GASKELL, W H The Involuntary Nervous System London Long 
mans, Green, 178 pp 1916 

(jrAZZANIGA M S The Bisected Brain New York Appleton Cen 
turv (Tofts (Meredith), 172 pp , 1970 
GEPFEN, L B , and G B LIVETT Synaptic vesicles in sympathetic 
neurons Physiol Hev 51 98 157, 1971 
GKLLHOHN, E Further investigations on the recovery of inhibited 
conditioned reactions /Tot Sac Exp Biol Med 59 155- 161, 1945 
GEORGE, F H Brain models a brief review Int J Systemn, Sci 1 
75 88 1970 

GEfeCJHWIND, N The organi?ation of language and the brain Sci 
ence 170 940-944, 1970 

GLEFIS P , AND J (’OLE Recovery of skilled motor functions after 
small repeated lestons ol motor cortex in macaque J Neurophysiol 
13 U7 148, 1950 

GOLTZ, F, AND I R EWALD Der Hand mil verkurytem 
Riickenmark Pflueger Arch 63 362-4(X) 1896 
GRANIT, R Receptors and Sensory Perception New Haven Yale 
Univ Press, 369 pp , 1955 

GRANIT, R 7’/ie Basis of Motor Control Uindon Academic Press, 
346 pp , 1970 

GREEN, J D , C A CLFMENTE, and J de GROOT Rhmence 
phalic lesions and behavior m cats J Comp Neurol 108 505-545, 
1957 

GRODINS, P S Control Theory and Biological Systems New York 
Columbia Univ Press, 205 pp , 1963 
GRUNDFEST, H Synaptic and ephaptic transmission In The Neu-^ 
rosciences, a Study Program, edited by G C Quarton, T Melne 
chuk, and F O Schmitt New York Rockefeller Univ Press, p 353- 
372, 1967 

HAASE J , AND B VOGEL Direkte und indirekte Wirkungen supra 


apmaler Reizunger auf Renshaw Zellen Pfuegers Arch 325 334- 
346 1971 

HAINSWORTH F R Saliva spreading activity and body tempera 
ture regulation in the rat Amer J Physiol 212 1288-1292 1967 
HALSTEAD W C Brain and intelligence a quantitative study of the 
frontal lobes Chicago Umv Chicago Press, 206 pp 1947 
HAMMFL H T Neurons and temperature regulation In Physiolog 
ical Controls and Regulations edited by W S Yamamoto and J R 
Brobeck Philadelphia Saunders chap 5 p 71-97 1965 
HANBERRY J and H JASPER Independence of diffuse thalamo 
cortical projection system shown by specific nuclear destruction J 
Neurophysiol 16 252-271 1953 

HARDY, J D Heat transfer In Physiology of Heat Regulation and 
the Science of Clothing edited by L H Newburgh Philadelphia 
Saunders p 78-108 1949 

HARDY J D The ‘ set point concept in physiological temperature 
regulation In Physiological Controls and Regulations edited bv W 
S Yamamoto and J R Brobeck Philadelphia Saunders chap 6 p 
98-116 1965 

HARE, K Visceral functions of the nervous system Ann Rev 
Physiol 8 175-411 1946 

HARMON P J AND M B CARPENTER Volumetric comparisons 
ol the basal ganglia of various primates including man J Comp 
Neurol 93 125-117, 1950 

HARMON, I D AND E R LEWIS Neural modeling Physiol Rev 
t6 511-591 1966 

HARRIS, G W Neural Control of the Pituitary Gland London Ed 
ward Arnold, 298 pp 1955 

HEAD, H On disturbances of sensation with especial reference to the 
pain of visceral disease Brain 16 1-133, 1893 
HEAD H Aphasia and Kindred Disorders of Speech Cambridge, 
Mass Cambridge Univ Press vol 2, 407 pp , 1926 
HENRY, J P , 0 H GAUER, and J L REEVES Evidence of the 
atrial location of receptors influencing urine flow Circ Res 4 85 
90, 1956 

HERIOT, J T , AND P D COLEMAN The effect of electroconvulsive 
shock on retention of a modified ‘ one trial” conditioned avoidance 
J Comp Physiol Psychol 55 1082-1084, 1962 
HERRICK C J The functions of the olfactory parts of the cerebral 
cortex ProL Nat Acad Sci (US A) 19 7-14, 1933 
HESS, R Jr W P KOELLA, and K AKERT Cortical and subcor 
tical recordings in natural and artificially induced sleep in cats 
Electroenceph Clin Neurophysiol 5 75-90, 1953 
HESS W R Diencephalon Autonomic and Extrapyramidal Func 
tions New York Grune & Stratton, 79 pp 1954 
HETHERINGTON AW and S W RANSON The spontaneous 
activity and food intake of rats with hypothalamic lesions Amer J 
Physiol 136 609 617, 1942 

HILGARD, E R , and D G MARQUIS Conditioning and Learning 
New York Appleton Century Crofts, 429 pp , 1940 
HOBSON, J A Sleep physiologic aspects New Eng J Med 281 
134M345 1969 

HOLLINSHEAD, W H Textbook of Anatomy, Ed 2 New York 
Hoeber Harper & Row, 994 pp , 1967 
HOLMES G , and W P MAY On the exact origin of the pyramidal 
tracts m man and other mammals Brain 32 1-54, 1909 
HORNYKIEWICZ, 0 Die topische Lokalisation und das Verhalten 
von Noradrenalin und Dopamm (3 Hydroxytyramm) in der sab 
stantia nigra des normalen and Parkmsonkranken Menschen Wien 
Kim Wschr 75 309-312, 1963 

HORTON, E W Hypotheses on physiological roles of prostaglandins 
Physiol Rev 39 122-161, 1969 

HUXLEY, A F , and R W STRAUB Local activation and mterfi 
bnllar structures in stnated muscle J Physiol (London) 143 40P- 
41P, 1958 

HUXLEY, A F , AND R E TAYLOR Local activation of striated 
muscle fibers J Physiol (London) 144 426-441, 1968 
HYDEN, H A molecular basis of neuron i^ia interaction In Macro 
molecular Specificity and Biological Memory, edited by F 0 
Schmitt Cambndge, Mass MIT Press, p 56-69, 1962 
INGRAM, W R The hypothalamus A review of the experimental 
data Psychosom Med 1 48-91, 1939 
INGRAM, W R Brain stem mechanisms m behavior Electroenceph 
Clin Neurophysiol 4 397-406, 1952 



9-176 .ixlEU^AL CONTROL SYSTEMS 


Sect/on 9 


rVERSEN L L The catecholamines Nature (London) 214 8-14 
1967 

JACKSON, J H The Lumleian lectures on convulsive seizures Brit 
Med J I 703-707, 765-771 821-827, 1890 
JARVIK, M E The role of consolidation in memory In Molecular 
Approaches to Learning and Memory edited by W L Byrne New 
York Academic Press p 15-26, 1970 
JASPER, H H , C AJMONE MARSAN and J STOLL Corticolu 
gal projections to the brain stem Arch Neurol P^vchiat 67 155- 
171 1952 

JASPER H H G RICCI and B DOANE Microelectrode analysis 
of cortical discharge during avoidance conditioning in the monkey 
Electroenceph Clin Neurophyniol (suppl 13) pp 137-155 1960 
JASPER H H AND C SHAGASS Conditioning the occipital alpha 
rhythm in man J Exp Psychol 28 373-388 1941 
JOHN E R Mechanisms of Memory New York Academic Press 
468 pp 1967 

JOHN E R Summary Symposium on memory transfer A A AS 
New York Dec 1967 In Molecular Approaches to Learning and 
Memory edited by W L Byrne New York Academic Press p 135- 
342 1970 

JOUVET, M Neurophysiology of the states of sleep Physiol Rev 47 
117-177, 1967 

KAADA B R , K H PRIBRAM, and J A EPSTEIN Respiratory 
and vascular responses in monkeys from temporal pole, insula or 
bital surface and cingulate gyrus J Neurophysiol 12 347- 156 1949 
KAMIKAWA K , J T McILWAlN and W R ADEY Response pat 
terns of thalamic neurons during classical conditioning, Electroen 
ceph Clin Neurophysiol 17 485-496 1964 
KANDEL E R and W a SPENCER Cellular neurophysiological 
approaches in the study of learning Physiol Rev 48 65-134 1968 
KARPLUS J P and a KREIDL Gehirn und sympathicus II JEm 
Sympathicus/entrum im Zwischenhirn Pflueger Arch 135 401-416, 
1910 

KATZ B Quantal mechanism of neural transmitter release Science 
173 123-126,1971 

KENNEDY, D , A I SELVERSTON, and M P REMLER Analysis 
of restricted neural networks Science 164 1488-1496 1969 
KIMBLE, G A Hilgard and Marquis' Conditioning and Learning 
Ed 2 New York Appleton Century Crofts, 590 pp 1961 
KLEIBER, M The Fire of Life New York Wiley 454 pp, 1961 
KLUVER, H and P C BUCY Preliminary analysis of functions of 
the temporal lobes in monkeys Arch Neurol Psychiat (Chicago) 
42 979-1000, 1939 

KOIZUMI, K , T ISHIKAWA, and C McC BROOKS Control of 
activity of neurons in the supraoptic nucleus J Neurophysiol 27 
878-892, 1964 

KORNER P I Integrative neural cardiovascular control Physiol 
Reu 51 312-367 1971 

KRAVITZ, E A Acetylcholine y aminobutync acid, and glutamic 
acid Physiological and chemical studies related to their roles as 
neurotransmitter agents In The Neurosciences A Study Program, 
edited by G C Quarton T Melnechuk, and F 0 Schmitt New 
York Rockefeller Univ Press, p 433-444 1967 
LANDAU, W M Evoked potentials In The Neurosciences A Study 
Program, edited by G C Quarton, T Melnechuk and F 0 
Schmitt New York Rockefeller Univ Press, p 469-482, 1967 
LANGLEY, J N The autonomic nervous system Bmin 26 1-26 
1901 

LANGLEY, J N The Autonomic Nervous System Cambridge Hef 
fer, 80pp 1921 

LASHLEY, K S (1929) Brain Mechanisms and Intelligence New 
York Republished by Dover Publications, 200 pp , 1963 
LEGENDRE R , and H C R PIERON Le problem des facteurs du 
sommeil Resultats d’lnjections vasculaires et intra cerebrates de 
hquides insomniques C R Soc Biol (Pans) 68 1077-1079, 1910 
LEIBOWITZ, S F Hypothalamic alpha- and beta adrenergic systems 
regulate both thirst and hunger m the rat Proc Nat Acad Sci 
USA 6B 332-334, 1971 

LENNEBERG, E H Brain correlates of language In The Neurosci 
ences Second Study Program, edited by F 0 Schmitt New York 
Rockefeller Univ Press p 361-371 1970 
LINDSLEY, D B, L H SCHREINER W B KNOWLES, and H 
W MAGOUN Behavioral and EEG changes following chronic brain 


stem lesions in the cat Electroenceph Clin Neurophysiol 2 483- 
498 1950 

LING G AND R W GERARD The normal membrane potential of 
frog sartorius fibers J Cell Physiol 34 383-396 1949 
LLOYD D P C Reflex action in relation to pattern and peripheral 
source of afferent stimulation J Neurophysiol 6 111-119 1943a 
LLOYD D P C Conduction and synaptic transmission of reflex re 
sponse to stretch in spinal cats J Neurophysiol 6 317-326, 1943b 
LLOYD, D P C Functional organization of the spinal cord Physiol 
Rev 24 1-17, 1944 

LLOYD D P C Facilitation and inhibition of spinal moroneurons J 
Neurophysiol 9 421-438, 1946 

LOEWI O Uber humorale Ubertragbarkeit der Herznervenwirkung 
Pflueger Arch 189 219-242 1921 

LORENTE DC n 6 R Limits of variation of the synaptic delay of 
motoneurons J Neurophysiol 1 187-194 1938a 
LORENTE de n 6 R Synapt 1C stimulation of motoneurons as a local 
process J Neurophysiol 1 195-206, 1938b 
LORENTE DE n6, R A Study of Nerve Physiology New York 
Studies from Rockefeller Inst Med Res vols 132 and 133, p 384- 
477 1947 

MacLEAN, P D The brain m relation to empathy and medical edu 
cation J Nerv Meat Dis 144 174-382, 1967 
MacLEAN, P D The limbic brain in relation to the psychoses In 
Physiological Correlates of Emotion edited by P Black New York 
Academic Press, chap 7 p 110-146 1970 
MAGENDIE, F Experiences sur les fonctions des racines des nerfs 
rachidiens J Physiol Exp Path 2 276-279, 1822a 
MAGENDIE, F Experiences sur les fonctious des racines des nerfs 
qui naissent de la moelle epmiere J Physiol Exp Path 2 366-371 
1822b 

MAGNUS R Some results of studies in the physiology of posture 
Lancet 2 531-536, 585 588 1926 

MAGOUN, H W An ascending reticular activating system m the 
brain stem Arch Neurol Psychiat 67 145-154 1952 
MAGOUN, H W F HARRISON R BROBECK and S W 
RANSON Activation of heat loss mechanisms by local heating of 
the brain J Neurophysiol 1 101-114 1938 
MAGOUN. H W S W RANSON and A HFTHERINGTON De 
scendmg connections from the hypothalamus Arch Neurol Psy 
chmt 39 1127-1149 1938 

MAIRE, F W , and H D PATTON Neural structures involved in the 
genesis of preoptic pulmonary edema ’ gastric erosions and be 
havior changes Amer J Physiol 184 345-350 1956 
MARTIN, C Thermal adjustment of man and animals to external 
conditions Lancet 2 561-567,617-620,673-678, 19 30 
MASSION, J The mammalian red nucleus Physiol Rev 47 383 436, 
1967 

MATTHEWS, P B C Muscle spindles and their motor control 
Physiol Reu 44 219-288, 1964 

MAURO, A The role of the voltaic pile in the Galvani Volta contro 
versy concerning animal vs metallic electricity J Hist Med 24 
140-150, 1969 

McGINTY, D J , AND M B STERMAN Sleep suppression after 
basal forebram lesions in the cat Science 160 1253-1255 1968 
MILEDI R Properties of regenerating neuromuscular synapses m the 
frog J Physiol (London) 154 190-205, 1960 
MILLER, N E Learning the visceral and glandular responses Sci- 
ence 163 434-445 1969 

MITCHELL, J F , and V SRINIVASAN Release of gamma ami 
nobutyric acid from the brain during synaptic inhibition Nature 
(London) 224 66 3-666, 1969 

MONIZ, E Tentatwes Operatoires dans le Traitement de Certaines 
Psychoses Pans Masson et Cie 248 pp , 1936 
MONNIER, M, and L HOSLI Humoral regulation of sleep and 
wakefulness by hypnogenic and activating dialysable factors In 
Sleep Mechanisms, edited by K Akert, C Bally, and J P Schade 
Progr Brain Res 18 118-123, 1965 
MONTEMURRO, D G , and J A F STEVENSON The localization 
of hypothalamic structures in the rat influencing water consump 
tion Yale J Bwl Med 28 396-403, 1955-1956 
MOORE, D M, S P CHEUK, J D MORTON, R D BERLIN, and 
W B WOOD, Jr Studies on the pathogenesis of fever XVII Acti 



Section 9 


Bibhoci aphf 9-177 


vation of leucocytes for pyrogen production J Exp Med 131 179- 
188, 1970 

MORRELI F Electrical signs of sensory coding In The Neurosci 
ences A Study Program edited by G C Quarton, T Melnechuk 
and B’ 0 Schnutt New York Rockefeller Univ Press p 452-469 
1967 

MORU7ZI G AND H W MAGOUN Brain stem reticular formation 
and activation of the E E G Electroenceph Clin Neurophysiol 1 
455-471 1949 

MOUN rCASTLE V B The problem of sensing and the neural 
coding of sensory events In The Neurostieme'^ A Study Program 
edited by G C Quarton T Melnechuk and F O Schmitt New 
York Rockefeller Univ Press p 191-498 1967 
MULLER G E , and A PILZECKER Expcnmcntelle Btitrage /ur 
Lehre voni Gedachtniss Z Psychol Physiol Sinnesorg (suppl 1) 
100 1900 

MYERS R Bj Faction of the corpus (allosum in interocular transfer 
Bminl^ 158 163 1959 

NAKAYAMA 1 J S EISENMAN and J D HARDY Single unit 
activity of anterior hypothalamus during local heating Science 1 14 
560-561 1961 

NASTLIK W I , AND R L PARSONS BUctors m the inactiyation of 
pobt]unctional membrane receptors of frog skeletal muscle J Gen 
Physiol 56 218 249 1970 

NAUTA, W J H Hypothalamic regulation of sleep m rats An exper 
imental study J Neurophysiol 9 285-116 1946 
NAUTA, W J H , AND D G WHITLOCK An anatomical analysis of 
the non specific thilamic pro)ection system In Brain Mechanisms 
and Consciousni ss, edited by J F Delafresnayc Oxford Blackwell 
p 81 98 1954 

OLDS J Hypothalamic substrates of reward I*hysiol Rev 42 554- 
604 1962 

OLDS J , AND MILNBjR P Positive reinforcement produced by c»ltc 
tncal stimulation of septal area and other regions of rat brain J 
Comp Physiol Psyihol 47 419-427 1954 
PAPEZ J W A proposed mechanism of emotion Arch Niurol Psy 
chiat 18 725 741. 1917 

PAPON WDM E \ VIZI and M ABOO ZAR 3Tie mechanism 
ol acetylcholine release from parasympathetic nerves J Physiol 
(London) 215 819 848 1971 

PAVI OV, I P Lectures on Conditioru d Reflexes translated bv W H 
Gantt New York International Publ Co,4l4pp 1928 
PEACHB3Y L D 3'ransverse tubules m excitation contraction cou 
pling Fed Preic 24 1124 1114,1965 
PENFIELD, W, and H H JA&PB:R Epilepsy and the Funetwnal 
Anatomy of the Human Brain Boston Little Blrown 8% pp , 1954 
PENFIELD, W , AND T RASMUSSEN The Cerebral Cortex of Man 
A Clinical Study of Leicalization of Fune turn New York Macmillan, 
248 pp 1950 

PENFIELD, W , AND L ROBERTS Speech and Brain Mechanisms 
New York Reprinted by Atheneum 28() pp , l%6 
PENBTELD, W and K WELCH THie supplementary motor area of 
the cerebral cortex Amer Med Ass Arch Neurol Psy chiat 66 
289 317, 1951 

PETERS, A S L PALAY and H Dt F WEBSTER The Fine 
Structure of the Neruous System New York Harper & Row, 198 
pp , 1970 

PRIBRAM, K H (ed ) Brain and Be>hauior 1 Mood, States and 
Mind Selected readings Middlesex, Bilngland Penguin Books, 496 
pp , 1969 

PURPURA D P A neurohumoral mechanism of reticulo cortical acti- 
vation Amer J Physiol 186 250-254 1956 
PURPURA, D P Comparative physiology of dendrites In The Neu 
rosciences A Study Program edited by G C Quarton T Melne 
chuk, and P 0 Schmitt New York Rockefeller Univ Press, p 372- 
393, 1967 

QUARTON, G C , T MELNECHUK, and P 0 SCHMITT (eds ) 
The Neuroi^ciences A Study Program New York Rockefeller Univ 
Press 962 pp , 1967 

RAAB, D H , AND H W ADES Cortical and midbrain mediation of 
conditioned discrimination of acoustic intensil les Amer J Psychol 
59 59-83 1946 

RAM6n y CAJAL, S Ebtructura del cerebelo Gac Med (CataUma) 
11 449-457 1888 


RAM6n y CAJAL S Hustologie du Systeme Nerueux de I’homme et 
des Vertebres Pans Norbert Maloine, 2 vols 986 and 993 pp 
1909 1911 

RANSON, S W Some functions of the hypothalamus Harvey Lect 
92-121, 1936 to 1917 

RANSON S W AND P R BILLINGSLEY The superior cervical 
ganglion and the cervical portion of the sympathetic trunk J 
Comp Neurol 29 U3-I58 1918 

RATNER S C and M R DENNY Comparative Psychology Re 
search in Animal Behavior Homewood 111 Dorsey Press 773 pp 
1964 

RENSHAW, B Activity in the simplest spinal reflex pathways J 
Neurophysiol 4 37 4-487 1940 

RANSON S W AND S L CLARK The Anatomy of the Nervous 
System, Ed 10 Philadelphia W B Saunders, 622 p 1959 
RENSHAW B Influence of discharge of motoneurons upon excitation 
of neighboring motoneurons J Neurophysiol 4 167-183, 1941 
RENSHAW B Central effects of centripetal impulses in axons of 
spinal ventral roots J Neurophysiol 9 191-204 1946 
RENSHAW B A B ORBES and B R MORISON Activity of iso 
cortex and hippocampus Electrical studies with micro electrodes J 
Neurophysiol 4 74 105 1940 

RHEINBB’RGER M and H JASPER Electrical activity of the cere 
bral cortex in the unanesthetized cat Amer J Physiol 119 186- 
196 19 47 

RICHTER, C P AND M HINES Production of grasp reflex in 
adult macaques by experimental frontal lobe lesions Res Publ 
Ais Res Neru Meat Dis 13 211-224, 1934 
RING G C The importance of the thyroid in maintaining an ade 
quate production of heat during exposure to cold Amer J Physiol 
1 47 582 588 1942 

RITCHIE. A K and A M GOLDBERG Vesicular and synapto 
pldsmic synthesis of acetylcholine Science 173 489-490, 1970 
SASSIN, J F Neurological findings following short term sleep depn 
vation Arch Neurol (Chicago) 22 54-56, 1970 
SCHMITT, F O (ed ) The Neurosciences Second Study Program 
New York Rockefeller Univ Press, 1068 pp 1970 
SCHNEiDORF, G , and A C IVY An examination of the hypnotoxin 
theory of sleep Amer J Physiol 125 491-505, 1939 
SCHREINER, L and A KLING Behavioral changes following rhin 
encephalic injury m cat J Neurophysiol 16 643-659, 1953 
SCHRIER A M H F HARLOW and F STOLLNITZ (eds ) Be 
kavior of Nonhuman Primates New York Academic Press, vol I 
285 pp , 1965 

SCOIT, J C , H C BAZETT and G C MACKIE Climatic effects 
on cardiac output and the circulation in man Amer J Physiol 129 
102-122, 1940 

SEGUNDO, J P The reticular formation A survey Acta Neurol 
Lat Amer 2 245-281 1956 

SHARE, L Control of plasma ADH titer m hemorrhage role of atnal 
and arterial receptors Amer J Physiol 215 1384-1389, 1968 
SHEER, D E (ed) Electrical Stimulation of the Brain Austin 
Texas Univ Texas Press 641 pp , 1961 
SHERRINGTON, C S Integrative Action of the Nervous System 
London Archibald Constable, 411 pp , 1906 
SKINNER, B F The behavior of Organisms An Experimental Anal 
ysis New York Appleton Century Crofts 457 pp , 1938 
SOLOMON R L , and L H TURNER Discnmmative classical con 
ditionmg in dogs paraly7ed by curare can later control discrimma 
tive avoidance responses in the normal state Psychol Rev 69 202- 
219 1962 

SPERRY, R W Cerebral organization and behavior Science 133 
1749-1757, 1961 

SPERRY, R W Some general aspects of interhemisphenc integration 
In Interhemisphenc Relations and Cerebral Dominance, edited by 
V B Mountcastle Baltimore Johns Hopkins Press, chap HI, p 43- 
49, 1962 

SPERRY, R W Split bmin approach to learning problems In The 
Neurosciences A Study Program edited by G C Quarton, T Mel 
nechuk, and F 0 Schmitt New York Rockefeller Univ Press, p 
714-722, 1967 

STEIN, D G , J J ROSEN, J GRAZIADEI. D MISHKIN, and J J 
BRINK Central nervous system recovery of function Science 166 
528-530, 1969 



9-178 ME U H A L COil'TROi SYS1EMS 


Sect/on 9 


STERN K Note on the nucleus ruber magnocellulans and its efferent 
pathway in man Brain 61 284-289 1936 
STOLWIJK J A J AND J D HARDY Temperature regulation in 
man — a theoretical study Pflueger Arch 291 129-162 1966 
STROMBLAD B C , and M NICKERSON Accumulation of epi 
nephnne and norepinephrine by some rat tissues J Pharmacol Exp 
Ther 134 154-159 1961 

STRUMWASSER F Types of information stored in single neurons 
In Invertebrate Nervous Systems edited by C A G Wiersma Chi 
cago Univ Chicago Press chap 23 p 291-319 1967 
TAUC L Transmission in invertebrate and vertebrate ganglia 
Physiol Rev 47 521-593, 1967 

TEPPERMAN, J Horsley and Clarke a biographical medallion Per 
spect Biol Med 13 295-308 1970 

TEPPERMAN J J R BROBECK and C N H LONG A study of 
experimental hypothalamic obesity in the rat Amer J Physiol 133 
P468-P469, 1941 

THOMPSON R F , and J A SHAW Behavioral correlates of evoked 
activity recorded from association areas of the cerebral cortex J 
Comp Physiol Psychol 60 329-339 1965 
TOWER, S Pyramidal lesion in the monkey Brain 63 36-90 1940 
TRACHTENBERG M C , and D A POLLEN Neuroglia Biophys 
ical properties and physiologic function Science 167 1248-1252, 
1970 

TRUEX, R C , AND M B CARPENTER Human Neuroanatomy 
Baltimore Williams & Wilkins 673 pp 1969 
UOTILA, U U On the role of the pituitary stalk in the regulation of 
the anterior pituitary with special reference to the thyrotropic hor 
mone Endocrinology 25 605-612 1939 
VANE, J R Inhibition of prostaglandin synthesis as a mechanism of 
action for aspirin like drugs Nature New Biol 231 232-235 1971 
VERHAART, W J C , and M A KENNARD Corticofugal degenera 
tion following thermocoagulation of areas 4, 6 and 4 s in Macaca 
mulatta J Anat 74 239-254, 1940 

VERNEY E G Antidiuretic hormone and the factors which deter 
mine its release Proc Roy Soc (London) [Btol] Ser B 135 25-106, 
1947 

VOGT C AND 0 VOGT Allgemeine Ergebnisse unserer Hirnfor 
schung Viete Mitteilung Die physiologische Bedeutung der archi 
tektomschen Rmdenrenungen J Psychol Neurol 25 279-462, 1919 
VON ECONOMO, C Die Encephalitis lethargica Berlin and Wien 
Urban and Schwarzenberg, 251 pp 1929 
VON EULER U S Identification of the sympathomimetic ergone in 
adrenergic nerves of cattle (sympathin N) with laevo noradrenaline 
Acta Physiol Stand 16 63-74, 1948 
VON EULER, U S Adrenergic neurotransinitter functions Science 173 
202-206, 1971 

VON EULER, C , F HERRERO, and I WEXLER Control mecha 
nisms determining rate and depth of respiratory movements Resp 
Physiol 10 93-108, 1970 

VON FRISCH, K The Dance Language and Orientation of Bees Cam 
bridge, Mass Harvard Univ Press 566 pp , 1967 
WALKER, A E Cerebral pedunculotomy for the relief of involuntary 


movements J Nerv Ment Dis 116 766-775 1952 
WALSHE F M R and E G ROBERTSON Observations upon the 
form and nature of ‘ grasping’ movements and “tonic innervation 
seen in certain cases of lesions of the frontal lobe Brain 56 40-70 
1933 

WECHSLER, ISA Textbook of Clinical Neurology Ed 3 Philadel 
phia W B Saunders 826 pp , 1936 
WEINSTEIN S and H L TEUBER The role of preinjurv education 
and intelligence level in intellectual loss after brain injury J Comp 
Physiol Psychol 50 535-539 1957 

WHEATLEY M D The hypothalamus and affective behavior m cats 
A study of the effects of experimental lesions with anatomic corre 
lations Arch Neurol Psychiat (Chicago) 52 296-316 1944 
WIERSMA C A G (ed ) Invertebrate Nervous Systems Their Sig 
nificance for Mammalian Neurophysiology Chicago Univ Chicago 
Press 370 pp 1967 

WILKINSON R T Loss of sleep Proc Roy Soc Med 62 903-904 
1969 

WILLIAMS M Memory studies in electric convulsion therapy J 
Neurol Neurosurg Psychiat 1 3 jO-35, 1950 
WILSON D M An approach to the problem of control of rhythmic 
behavior In Invertebrate Nervous Systems edited by C A G 
Wiersma Chicago Univ Chicago Press chap 17, p 219-229 1967 
WINEGRAD S Role of intracellular calcium movements m excita 
tion contraction coupling in skeletal muscle Fed Proc 24 1146- 
1152 1965 

WOLF A V Thirst Physiology of the Urge to Drink and Problems of 
Water Lack Springfield 111 Thomas 536 pp , 1958 
WOODS, J W Behavior of chronic decerebrate rats J Neurophysiol 
27 635-644 1964 

WOODS J W AND P BARD Antidiuretu hormone secretion in the 
cat with a chronically denervated hypothalamus Copenhagen Proc 
Int Congr Endocr 1st p 113, 1960 
WOOLSEY C N Organiyation of somatic sensory and motor areas of 
the cerebral cortex In Biological and Biochemical Bases of Behav 
lor edited by H F Harlow and C N Woolsey Madison Umv 
Wisconsin Press p 63-81, 1958 

WURTMAN, R J Neuroendocrine transducer cells m mammals 
In The Neurosciences edited by F 0 Schmitt Second study pro 
gram New York Rockefeller Univ Press, p 530-538, 1970 
YAMAMOTO, W S , and J R BROBECK Physiological Controls 
and Regulations Philadelphia Saunders 362 pp , 1965 
YAMAMOTO, W S, F S GRODINS L STARK, L D PAR 
TRIDGE, P E YATES, R D BRENNAN J URQUHART, and H 
T MILHORN, Jr Application of control systems theory to physi 
ology Physiology Society Symposium Fed Proc 28 46-88 1969 
YOSHII, N , AND H OGURA Studies on the unit discharge of brain 
stem reticular formation in the cat I Changes of reticular unit dis 
charge following conditioning procedure Med J Osaka Unw 11 1- 
.33, 1960 

YOUNG. W C , R W GOV, and C H PHOENIX Hormones and 
sexual behavior Science 143 212-218, 1964 





To state the obvious, this index covers all nine sections of BEST & TAYLOR’S PHYS- 
IOLOGICAL BASIS OF MEDICAL PRACTICE, 9th ed What is not so obvious is the 
reason ior inclusion of the complete index with each of the sectional prmt-outs The 
latter strategy will not only lead the reader to information in the print-out, but will also 
point out related and additional information m the other prmt-outs (or in the book it- 
self) 


a Adrenergic receptors 
general properties, 9-64 
mechanisms of action, 
a Cells, pancreatic islets, 7-77 
a Helix of protem, 1-124 
a Rhythm, EKG, 9-107 
a, (0, 5, Chains of hemoglohm, 4-42 
A hand, myocardial sarcomere, 

3-10 ff 

A blood group, subgroups, 4-50 
A nerve fibers, properties of, 1-42 
Abdominal muscles in respiration, 
6-49 

Abdominal reflexes, 9 161 
Abducens nerve (VI), 9 12 
Aberration m eye, 8-67 
ABO system of blood groups, 4 48 
inheritance of, 4-50 
Absolute refractory period 
of muscle, I 80 
of nerve, 1 45 

Absolute threshold, auditory, 8-31 
Absorption, intestinal, 2-83 ff 
of carbohydrate, 2 86 
of electrolytes, 2 85 
of fat, 2 91 

of protein and ammo acids, 2 89 
of vitamins, 2-93 
transamination during, 2 90 
Absorption of air, 6 75 
Absorption of water, 2-84 
Acceleransstuffe, 9-60 
Acceleration 
angular, 8-41 
coTiohs, 8 54 

Accessory muscles of respiration, 6- iO 
Accessory nerve, spinal, 9 38 
Acchmatiscation to altitude, 6-66 
Accommodation in bladder wall, 5 54 
Accomodation m eye, 8-72 
in depth perception, 8-U6 
Accommodation m nerve, 1 -37 
and activity of ion pumps, 1-50 
Accommodation vs setpoint, 9-19 
Acetate in lipid synthesis, 7-126 
Acetazolamide vs carbonic anhy- 
drase, 6-17 

Acetoacetate, ketone body, 7-139 
Acetone, ketone body, 7-139 
Acetyl CoA 

m control ol ketogenesis, 7-lJ^ 
in hpid synthesis, 7-124 
Significance m lipogenesis, 7-141 
Acetyl CoA carboxylase, an control 
of hpogenesis, 7-142 
Acetylcholine 

as autonomic transmitter, 9-60 
as neuromuscular transmitter, 1-57 
as VagusUuffe, 9-60 
m control of muscle, 9-66 
increase in coronary blood flow, 3-138 
summary of transmitter sites, 1-58 
Acetylcholine action 
m adrenal medulla, 9-61 
on epmephrine secretion, 7-72 
on food intake, 2-3 
on muscle membrane potential, 1-89 


Acetylcholinesterase, m autonomic 
system, 9-61 

Acetylene, arteriovenous, measure- 
ment of cardiac output, 3-159 
Achalasia, 9-93 
Achalasia and pain, 2-11 
Acid-base balance, 5-27 ff 
disturbed in dehydration, 4-117 
disturbed in uremia, 5 46 
various disturbances, 4-110 
Acid-base properties of ammo acids, 
1-116 

Acid hemolysis of RBC, 4-58 
Acidemia, 4-107 
Acidification of urine, 5 29 ff 
Acidity and gastric emptying, 2-109 
Acidity of gastric juice, 2-47 
Acidophils of anterior pituitary 
gland, 7 8 
Acidosis 

as cause of dyspnea, 6 62 
ch<iratteristics, 4 107 
clinical types, 4-108 
of renal dysf unc tion, 5 45 
Acidosis, metabolic 
causes, characteristics 4-108 
in insulin deficiency, 7-87 
Acidosis, respiratory, 4 107 
Acromegaly, 7-143 

ACTH (adrenocorticotrophic hor- 
mone) 

ammo ac id sequence, 7-()0 
and aldosterone secretion, 7-63 
and glucocorticoid synthesis, 7-60 
ectopic production of, 7-64 
measurement of, 7 61 
ACTH-RF, 7 20 
ACTH secretion 
control of, 7-61 
feedback control loops, 7-15 
ACTH vs MSH, 7-61 
Actin 

arrangement in sarcomere, 3-30 
concentration in myocardium, 3-32 
interaction with tropomyosin and 
troponin, 3-38 
Actm filaments, 1-62 
Actm in muscle, 1-65 
Actinins of muscle, 1-70 
Actinomycin D 
inhibits mRNA synthesis, 7 149 
mechanism ot inhibition of RNA syn- 
thesis, 1-171 

Action currents in nerve, 1-43 
Action potential, 1-37 
history of theories, 1-45 
modem concepts of, 1-46 ff 
of auditory nerve fibers, 8-23 
of skeletal muscle, 1-89 
recording techniques, 9-10 
sequence of ionic events, 1-48 
technique for recording, 1-40 
Action potential, compound 
in sensory nerve, 8-8 
of mixed nerve, 1-41 
Action vs. resting potentials, 1-34 
Activatmg mechanism, reticular, 
9-140 


Activation of ammo acids, 1-173 
Activation of EEG, 9-137 
Active points in muscle, 1-85 
Active state in muscle 
effect on properties of muscle, 1-87 
properties of, 1-82 
Active transport, 1-21 
Active transport m glands 
bile secretion, 2-72 
of I in thyroid, 7-30 
saliva secretion, 2-21 
Active transport in gut 
ammo acids, 2 89 
electrolytes, 2-85 
sugars, 2-87 

Active transport in kidney 
by renal tubules, 5-8 ff 
of amino acids, 5-12 
of glucose, 5-9 ff 
of phosphate, 6-13 
of sulfate, 5-13 
of uric acid, 5-13 
Active transport of cations, 1-5 
energy cost in nerve, 1-52 
Active vs inactive state of nerve, 
1-51 

Activity, suppressed by hypothala- 
mus, 9-142 
Actomyosm, 3 33 
Acute renal failure, 5 43 
Adaptation 
m olfaction, 8-140 
in vestibular system, 8-54 
of nystagmus, 8-55 
of touch sensation, 8-150 
of urinary bladder, 5-53 
renal, to acidosis, 5-32 
Adaptation vs setpomt, 9-19 
Addison's anemia, 4-33 
Addison's disease 
and renal dysfunction, 5 47 
clinical features, 7-63 
Adenine, 1-142 
Adenohypophysis, 7-8 ff 
actions of growth hormone, 7 143 
control of hormone synthesis, 7-22 
control of Leydig cells, 7-95 
control of testis tubules, 7-99 
control of thyroid function, 7-35 
cytophysiology of, 7-8 
embryology of, 7-24 
hypothalamic connections, 9-41 
listing of hormones, 7-8 
mechanisms of control of, 7-8 
mechanisms of hormone release, 
7-21 

neurohumoral control of, 7-13 ff 
ADP ( adenosme diphosphate), car- 
diac muscle contraction, 3-40 
Adenosme triphosphate (ATP) 
and fat absorption, 2-91 
as purme derivative, 1-142 
with G-actin, 1-66 
Adenyl cyclase 

activated by catecholammes, 7-73 
m second messenger theory, 7-5 
relation to lipolysis, 7-128 
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Adenylic acid, 
biosyntliesis ©f, 1-149 
Adequate stimulus, 8-1 
Adipocyte, 7-123 

Adipose tissue, metabolism m, 7-123 
Adipsia, bypothalauiic, 9-126 
Adolescence 

and growth hormone, 7 143 
growth of muscles, 7-146 
Adrenal cortes, 7-50 ff 
and renal dysfunction, 5-47 
and water mtoi:icatioii, 4-117 
regeneration of, 7-50 
Adrenal hormones (see name or type 
of hormone) 

Adrenal meduUa, 7-70 ff 
disorders of, 7-75 

Adrenal medullary catecholamines, 
regulation of heart, 3-115 
Adrenal steroids 
affect secretion of 5-34 
affect sodium excretion, 5-25 
in edema of cardiac failure, 5-45 
Adrenaline (see Epinephrine) 
Adrenergic nerves to gut, 2 8 
Adrenergic system, 9-53 
Adrenergic transmission, 9-62 
Adrenochrome, 9-63 
Adrenocortical dysfunction, 7-63 
Adrenocortical tumors, 7-64 
Adrenocorticotrophic hormone (see 
ACTH) 

Aerobic metabolism of nerve, 1-50 
Aeroembolism, 6-68 
Afferent fiber types, 9-74 
Afferent visceral nerves, 9-54 
Afibrinogenemia, 4-80 
After discharge, 9-72 
After-image, colored, 8-114 
Agglutmation of RBC 
by polyelectrolytes, 4-58 
relation to blood groups, 4-48 
Aggregation of ribosomes, 7-152 
Aging and hearing, 8-35 
Aging of lens, 8-68 
Agnosia, 9-150 
Agraphia, 9-151 
Aids to hearing, 8 39 
Air 

absorption of, 6-76 
composition, 6-5 
Air conduction tests, 8-37 
Airplane ascents, hypoxia m, 6-66 
Airway during swallowing, 2-97 
Airway resistance, 6-35 
Alanme cycle, 7-136 
Albumin of serum, 4-4 
bihrubm binding, 2-65 
binding to testosterone, 7-97 
Albuminuria (see Proteinuria) 
Aldolase activity, 7-127 
Aldosterone 

and renal tubular function, 7-59 
biosynthesis of, 7-51 
controls sodium excretion, 5-25 
excess secretion of, 7-70 
hypersecretion causes edema, 5-47 
metabolic effects of, 7-59 
metabolism of, 7-53 
rate of renal excretion, 7-56 
rate of secretion, 7-56 
Aldosterone synthesis, regulation of, 
7-62 

Alkalemia, 4-107 
Alkali reserve of plasma, 6-9 
changes m dyspnea, 6-62 
Alkalosis, 4-107 


metabolic, 4-110 
respiratory, 4-109 
Aliantom from purmes, 1-152 
Alleles (of genes), 1-136 
Allergy and asthma, 6-73 
Allograft rejection, 4-99 
All-or-mone prmciple 
in innervated muscle, 1-44 
in nerve, 1-43 
m skeletal muscle, 1-81 
Allosteric control of enzymes, 7-114 
Alloxan diabetes, 7-145 
Alveolar air, 6-4, 5 
gases of, 6-21 

Alveolar air equation, 6-22 
Alveolar gas exchange 
anatomical shunts, 6-22 
physiological shunts, 6-23 
P 02 gradient, 6-13 
ventilation-perfusion abnormalities, 
6-23 

Alveolar vs total ventilation, 6-20 
Amacrme cells of retma, 8-75 
American population blood groups, 
4-49 

Aminoaciduria, 5-46 
Aminoacidurias, pathogenesis of, 

1-140 

Amino acids, essential, 1-129 
activation by tRNA, 1-173 
active transport in kidney, 5-12 
and ribosomal aggregation, 7-152 
as precursors of glucose, 7-136 
codon assignments for, 1-176 
evoke insulin release, 7-79 
for gluconeogenesis, 7-134 
incorporation into protein, 7-152 
intermediary metabolism of, 1-131 ff 
intestinal absorption, 2-89 
physicochemical properties of, 1-116 
sources of renal NH,, 5-31 
summary of metabolic reactions, 

1-135 

utilization of, 1-129 
Amino acid transport 
affected by insulin, 7-84 
control of entry into cells, 7-151 
hormonal control of, 7-148 
m plasma, 4-4 
transmembrane, 1-139 
Amino acids, 1-117 
Amino acyl-®NA, 1-180 
p-Ammohippunc acid (PAH) 
secretion by kidney, 5-14 
tests based on clearance, 5-39 
Ammonia 

and acidification of unne, 5-31, 32 
from deammation processes, 1-134 
renal secretion of, 4-106 
Amnesia, 9-157 

5'-AMP and phosphorylase, 7-118 
Amphetamine and food mtake, 2-2 
Ampulla, vestibular, 8-42 
Amylase, pancreatic, 2-52 
rate of secretion, 2-58 
Amylase, salivary, 2-24 
Amyloidosis of kidney, 5-40 
Anaerobic muscle, 7-113 
Anal orifice, defecation, 2-120 
Anal reflex, 9-165 

Analogue computation, neural, 9-13 
Anaphylactic shock, 6-73 
Anarthria, 9-150 
Androgen (see also Testosterone) 
Androgen action on tcial hypothala- 
mus, 7-93 

Androgen biosynthesis, 7-96 
Androgen secretion m female, 7-106 
Androgens firom adrenal cortex, 7-51 


Androgens from testis, 7-96 
Anelectrotonus 
and central computation, 9-13 
m stimulation of nerve, 1-39 
Anenua, 4-31 ff 
absence of dyspnea, 6-61 
coronary blood flow m, 3-139 
cyanosis m, 6-80 
hypoxia in, 6-64 
Anemia, genetic, 4-20 
Anemia of infants, 4-32 
Angiotensin 

and aldosterone synthesis, 7-62 
controls Na"^ excretion, 5-25 
increase m coronary blood flow, 3-139 
vasoconstrictor effects of, 3-172 
Angiotensin II, induces drinking, 9-126 
Angular acceleration, 8-41 
Aninml vs human sensory studies, 
8-4 

Ankle jerk reflex, 9-86 
Anosmia, 8-141 
Anoxemia, 6-63 
therapy with O 2 , 6-81 
Anoxia (see Hypoxia) 

Anterior chamber of eye, 8-71 
Anterior lobe of cerebellum, 9-43 
Anterior lobe of pituitary gland (see 
also adenohypophysis), 7-8 ff 
Anterior roots, spmai, 9 23 
Anterior thalamic nuclei, 9-39 
Antibiotics vs protein synthesis, 

1-181 

Antibodies 
cellular, 4-90 
humoral, 4-90 

Antibodies of blood groups, 4-60 
Antibodies to insulin, 7-86 
Antibody responses, 4-91 
Antibody synthesis, 4-98 
Anticoagulants, typical, 4-81 
Anticodons, 1-177 
Antidiuresis, 5-18 ff 
Antidiuretic hormone (ADH) (see 
also Vasopressin) 
and renal permeability to water, 

5-20 

and water excretion, 5-18 
control of release of, 9-126 
Antidromic excitation, 9-76 
Antridromic vs orthodromic stimu- 
lation, 1-53 

Antigens for histocompatibility, 4-100 
Antigens of ABO system, 4-48 
Antigens, Rh m blood, 4-52 
Antiglobulm test (Coombs), 4-50 
Antigravity muscles 
reflexes of, 9-69 
tone of, 9-89 
Antitbrombm, 4-78 
Antrum of stomach, 2-108 
Anuna, 5-43 
Aorta 

blood flow during cardiac cycle, 3-105 
pressure during cardiac cycle, 3-104 
Aortic arch, innervation of, 3-177 
Aortic body, 6-55 
afferents m vagus nerve, 6-48 
sensitivity to CO*, 6-53 
Aortic coarctation, cardiac circulatory 
effects of, 3-138 

Aortic depressor nerve, control of 
blood pressure, 3-176 
Aphasia, 9-148 
Aplastic anemia, 4-19 
Aplysia, conditioning in, 9-156 
Apnea alter hyperventilation, 6-41 
m oxygen therapy, 6-82 
Apneusis, 6-42 



Apofemtm, 4-39 

Apolar properties of protein, 1-126 

Appetite, 2-1 ff 

Appropriate stimulus, 8-1 

Apraxia, 9-150 

Aptyalism, 2-30 

Aqueous humor, 8-71 

Arahinose operoB, 1-190 

Archipallmm, 9-104 

Area 4, cerebral cortex, 9-112 

Area 4 vs area 6, 9 115 

Area 6, cerebral cortex, 9-116 

Area 8, cerebral cortex, 9-117 

saccadic eye movements from, 8 97 
Argentaffin cells, mtestmai, 2 80 
Argyll-Hobertson pupil, 9-166 
Arterial pressure pulse, i-194 
Arteriolar nephrosclerosis, 5 41 
Arteriosclerosis, m renal disease, 5 41 
Artificial respiration, 6-83 ft 
ASA 1951 curve (for hearing), 8-31 
Ascorbic acid m adrenal cortex, 7 51 
Asphyxia, 6-64 
Aspirin, antipyretic, 9-136 
Assembly of proteins, 1 183 
Associated movement, automatic, 
9-100 

Association cortex, cerebral, 9 111 
Astereognosis, 9-150 
Asthma 
bronchial, 6-72 
cardiac, dyspnea in, 6-60 
volume-flow relations, 6-34 
Astrocytes, 1-31 

Astronauts, ventilation of, 6-69 
Atelectasis, 6-75 
Athetosis, 9-170 

ATP (adenosine triphosphate), car 
diac muscle contraction, 3 40 
ATP m muscle 
and energy generation, 1 95 
formation ol cross-bridges, 1-73 
ATPase 

in adrenal medulla, 7 72 
in membrane transport, 1-5 
in slow vs fast muscle, 1 112 
Atrial fibrillation, etfe(t on volume 
output ot heart, 3 1 18 
Atrial mechanoreceptors; reflex to 
abdominal muscles, 6 50 
Atrioventricular node, 3 56 
block ot, cause of arrhythmias, 3 75 ft 
impaired conduction, e3-75 
transmembrane potential, 3 49 
Atrioventricular valves 
closure, mechanism of, 3-106 
movement during cardiac cycle, 3 105 
Atrium, heart 
anatomy, 3-25 

blood volume m contractures, 3-98 
conductance velocity, 3-55 
contraction, 3 104 
extrasystoles, 3-79 
transmembrane potential, 3 48 
vascular receptors, 3-186 
weight, 3-26 

Atropine, effect on gastric secretion, 
2-46 

Audiogram, von Bekesy, 8-37 
Audiometric xero curve, 8-31 
Audiometry, 8-35 
Audiometry for speech, 8-36 
Audition (see Hearing) 

Auditory cortex, 8-30 
Auditory discrimination, 8-30 
Auditory hair cells, 8-21 
potentials of, 8-19 
Auditory nerve, 8-15 
Auditory system 


course of afferent fibers, 8-25 
efferent fibers in, 8 25 
information processing, 8-29 
lateralization m, 8-26 
Auditosensory area, 9-111 
Auerbach’s plexus, esophageal, 2-103 
Auscultatory gap, blood pressure 
measurements, 3-151 
Autoimmune thyroiditis, 7 41 
Automatic associated movement, 

9-100 

Automaticity of respiratory centers, 

6- 44 

Autonomic blockade of gastric secre- 
tion, 2 47 

Autonomic centers, medullary, 9-65 
Autonomic conditioning, 9 146 
Autonomic control 

of gastric secretion, 2 35 
oi pancreas, 2-55 ff 
ot salivary secretion, 2 27 
Autonomic nervous system, 9-53 ff 
higher controls, 9 64 
to digestive tract, 2 8 ff 
to salivary glands, 2 19 
Autophagia in lysosomes, 1-1 1 
Autoradiography of chromosome, 
1 165 

Avogadro’s law of gases, 6-1 
Avoidance conditiomng, 9-153 
Axon hillock, 1-29 
Axon of nerve, 1- 10 
Axonal transport to neural lobe, 7-24 

Adrenergic receptors, 7-73 
in autonomic system, 9-64 
(d Cell, pancreatic islets, 7 77 
defect m diabetes melhtus, 7-87 
/S-Hydroxybutyrate, 7-139 
Lipoprotein, 2-92 
)9-Pleated sheet of protem, 1-124 
3^-ol Deficiency, 7-69 
B nerve fibers, properties of, 1-42 
Babmski’s sign, 9-164 
Balance, glomerulotubular, 5-12 
Barany chair, 8-49 
m clinical tests, 8-55 
Baroreceptors 
and vasopressin release, 7-27 
influence on respiration, 6-48 
reflex to abdominal muscles, 6-50 
Barospirator of Thunberg, 6-84 
Barr body, sex chromatin, 7-91 
Basal ganglia, cerebral, 9-99 ff 
anatomy and relations, 9-49 ff 
summary of diseases, 9-168 
Base composition of DNA, 1-158 
Base pairing m DNA, 1-161 
Base pairs, models of, 1-152 
Base sequence of DNA, 1-161 
Basic electrical rhythm, gastric, 2-106 
Basic taste sensations, 8-121 
Basic visual functions, 8-98 ff 
Basilar membrane of cochlea, 8-14 
Basophils of anterior pituitaiy gland, 

7- 8 

Basophils of blood, 4-62 
Bat wing capiUanes, 4-84 
Bayliss mechanism in blood circula- 
tion, 3-165 
Behavior 

after visual deprivation, 8-95 
m study of sensation, 8-4 
Belchmg, 2-104 
BeU-Magendie law, 9-23 
BeU’s palsy, 9-37 
Bends, 6-68 
Bernard, Claude 
and salivary secretion, 2-26 
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milieu interne, 9-58 
sucre pigCtre, 9-65 

Bemstem’s theory of action poten- 
tial, 1-45 
Betz cells, 9-27 
Bezold-Jarisch reflex, 3-185 
Bicarbonate-carbon dioxide ratio 
in acidosis, alkalosis, 4-107 
normal values, 4-105 
Bicarbonate ions 

and carbonic acid buffer system, 
4-104 

and COj transport in plasma, 6-16 ff 
and gastric secretion, 2-39 
m pancreatic juice, 2-50 
rate of pancreatic secretion, 2-58 
renal transport, 5-27 ff 
Biceps jerk, 9-87 
Bile, 2-60 ff 
electrolytes in, 2-60 
essential for cholesterol absorption, 
2-93 

m gallbladder, 2-73 
miscellaneous constituents, 2-69 
osmolanty, 2-61 
Bile acids, conjugation of, 2-62 
Bile ducts 
anatomy of, 2-72 
obstruction of, 2-68 
pressures inside, 2-75 
Bile pigments, 2-64 ff 
conjugation of, 2-66 
enterohepatic circulation of, 2-68 
Bile salts, 2-61 ff 
enterohepatic circulation, 2-63 
excretion of, 2-64 
Bile secretion 

cellular mechanisms, 2-71 
control of, 2-70 
rate of, 2-61 
Bilirubin, 2 64 
conjugation of, 2-66 
from hemoglobin degradation, 4-35 
hepatic excretion, 2-67 
sites of production, 4 42 
Biliverdm, 2-64 
Bmaural hearmg, 8-28 
Bmaural sound localization, 8-33 
Bmding assay for nucleotide se- 
quence, 1-176 

Binocular retinal disparity, 8-120 
Binocular vision, coding m cortex, 

8-94 

Bioelectncity, principles of, 1-32 ff 
Biosynthesis of adrenal hormones, 
7-50 

Biosynthesis of RNA, 1-169 
Biot’s breathing, 6-58 
Bipolar cells of retina, 8-75 
Birth 

changes in circulation, 6-76 
resuscitation of infant, 6-85 
Bitter taste, 8-122 
Bladder, unnary, 5-47 ff 
electron micrograph of, 1-4 
physiological capacity, 5-53 
reflexes in spinal shock, 9-163 
Bleedmg time, 4-78 
Blind spot, 8-70 

Blocking of thyroid hormone synthe- 
sis, 7-32 
Blood, 4-1 ff 

capillary exchange of, 3-16 
rheological properties of, 4-61 
vascular beds, patterns of, 3-5 
vascular distribution, 3-5 



Blmnl cells 

granulocytes, 4 62 ff 
m blood stored for transfusion, 4-55 
model of origin, 4 11 
sites of formation, 4-11 
Blood clot retraction, 4-75 
Blood clotting, 4-75 ff 
abnormalities of, 4-79 ff 
enhancement of, 4-82 
prevention of, 4-81 

Blood components for transfusions, 
4-53 

Blood constituent (see name of con- 
stituent) 

Blood creatinine, 5-38 
Blood flow 
aortic phasic, 3-196 
arterial, 3-196 ff 
bronchial, 3 205 
capillary, 3-198 
cerebrum, 3-211 ff 
circulation time, 3-162 
contiol of, and regulation, 9-124 
cutaneous, and temperature regula- 
tion, 9-129 

electromagnetic flow meter in mea- 
surement of, 3 156 
exercise effects on, 3-208 
fetal, compared with adult, 3-239 
Fick principle m measurement of, 
3-158 
foot, 3 214 
hand, 3-214 

mdicator dilution principle, 3-161 
kidney, 3 160, 3-228 ff 
liver, 3-226 
lungs, 3-204 

measurement of, 3-152 ff 
measurement of, to kidney, 5-15 
mechanical devices for assistance of, 
3-153 

mesenteries, 3 224 

pendulum flow meters m measure 
ment of, 3-156 

perfusion systems for measurement 
of, 3-153 ff 

peripheral arteries, 3 197 
phasic, flow meters m measurement 
of, 3-156 
regulation, 3-5 
respiratory effects on, 3 207 
rotameter measurement of, 3-155 
skeletal muscle, 3-217 
skin, 3-213 ff 

sonar flow meter in measurement of, 
3-156 

spleen, 3-225 
to salivary glands, 2-20 
vascular resistance in lungs, 3-205 
vasomotor control in lungs, 3-209 
velocity, 3-4 

venous drainage m measurement of, 
3-153 

vessel velocity changes, 3-18 
visualization of microcirculation, 3-152 
Blood gases (see also Carbon dioxide, 
Oxygen, Carbon monoxide) 
measurement of, 6-8 ff 
transport of, 6-5 ff 

Blood glucose, action of insulin, 7-33 
Blood glucose and feeding, 2-4 
Blood group antigens, 4-49 
Blood groups, 4-48 ff 
antibodies of, 4-60 
miscellaneous types, 4-53 
Blood nonprotein nitrogen, 5-38 
Blood platelets, 4-73 ff 
m thrombosis, 4-81 


nsooa pressure 

auscultatory measurement of, 3 150 
151 

autoregulation of, 3-6 
average value, according to age, 3-189 
cardiac output and, 3-20, 3-192 
diastolic, 3-190 
digestion and, 3-190 
distribution m cardiovascular system, 
36 

effects of pH variation, 3-183 
emotions and, 3-190 
exercise effects on, 3-190, 3-202 ff 
extrinsic control, 3-8 
elasticity of vessel walls as determi 
nant of, 3-193 

flush method for measurement of, 
3-152 

gauges for measurement of, 3-149 
gradient, species comparison, 3-4 
heart pumping action as determinant 
of, 3-191 

human aorta, effect of aging, 3-14 
indirect measurement in animals, 
3-152 

intrinsic control, 3-5 
level of critical closure of vessels, 
3 194 ft 

measurement of, 3-148 ff 
microphones m measurement of, 
3 152 

nonoscillatory, 3-148 
peripheral resistance unit, 3 192 
postural effects on, 3-190, 3-202 ff 
pulmonary vessels, 3-21 
pulse detectors in measurement of, 
3 152 

regulation, 3-5 

relation of colloid osmotic pressure 
and, 3-4 

respiratory effects on, 3-302, 3-207 
systolic, 3-190 
transfer function, 3-8 
transfusion effects, 3 18 
ultrasound in measurement of, .1 152 
vascular peripheral resistance as de- 
terminant of, 1-193 ff 
vein capacity as determinant of, 3 200 
venal caval flow as determinant of, 
3-201 

ventricular contraction as determi- 
nant ol, 1-200 

viscosity of blood as determinant of, 
3-193 

Blood pressure, arterial, 3-4, 3-189, 
3-194, if 

and chemoreceptive reflexes, 6-55 
influence on respiration, 6-49 
Blood pressure, arteriolar, 3-15 
Blood pressure, capillary, 3-15, 3-198 
and glomerular filtration, 5-5 
Blood pressure, cardiovascular, 3-2 
Blood pressure, venous, 3-17, 3 198 ft 
Blood sedimentation, 4-60 
Blood supply to kidney, 5-2 
Blood transKision, 4-48 if 
incompatible transfusion, 4-53 
Blood urea, 5-36 ff 

Blood velocity, measurement of, 3-161 
ff 

Blood vessels 

a-adrenergic receptor vasoconstric- 
tion of, 3-171 

jd-adrenergic receptor vasodilatation 
of, 3 171 

diameters and blood content, 3-13 
local vs remote control of vasocon- 
striction, 3-173 ff 
of retina, 8 72 

parasympathetic vasodilator fibers, 
3-170 


reciprocal vasoconstriction reactions, 

3 180 

reflex vasoconstriction, 3-176 
remote vs local control of vasocon- 
striction, 3-173 ff 

smooth muscle constriction of, 3-164 
vascular tone, 3-172, 173 
vasconstnctor fibers of, 3-166, 1-167 
vasodilator fibers of, 3-170 
Blood viscosity, 4 60 
Blood volume 
abnormalities of, 4-119 
arterioles, 3-15 
capillanes, 3-15 

clinical features of changes, 4 120 
distribution of, 3 2 
dog circulatory system, 3 6 
normal values, 4-119 
pulmonary vessels, 3-21 
regulation, 3 5 
transfusion effects, 3-18 
vanes with ambient temperature, 
9-130 

veins, 3 17 

Blood volume estimations, 4-118 ft 
Blood volume regulation, 4 117 ff 
Body fluid exchange, 4 11 3 ff 
Body temperature regulation (see 
Regulation of body temperature) 
Body weight, control of, 9 127 
Bohr effect on hemoglobin, 4 43 
Bohr integration, O 2 diffusing ca- 
pacity, 6 25 

Bolus, swallowing, of, 2-97 
Bonds m protein molecules, 1-122 
Bone and calcium exchanges, 7 44 
Bone conduction tests, 8-37 
Bone growth, hormonal control, 7-144 
Bone marrow 
and hemopoiesis, 4- 1 1 
drug effects on, 4-19 
forms bile pigments, 2-65 
granulocytopoiesis, 4-64 
m erythropoiesis, 4-21 
lymphocytopoiesis, 4 95 
suppressed by drugs, etc , 4 71 
Border contrasts, visual, 8-90 
Boyle’s law of gases, 6- 1 
Brachium conjunctivum, 9-47 
Brachium pontis, 9-47 
Brady kinin 
and inflammation, 4-64 
m saliva, 2-25 

vasodilation effect in skeletal muscle, 
3-219 

Brain 

embryology of, 9-20 
stimulation of, 9 8 

Brainstem 

auditory systems of, 8-26 
autonomic outflow, 9-57 
centers for regulation, 9-125 
connections of taste fibers, B 128 
control of respiration, schema, 6-46 
neural tracts, 9-24 ff 
respiratory centers, 6-42 ff 
single vestibular units, 8-58 
structure, 9 30 
vestibular nuclei, 8-49 
Breast development, m pregnancy and 
lactation, 7-109 

Breathing (see also Pulmonary venti- 
lation, Respiration) 
abnormal patterns, 6-58 
at high pressures, 6-83 
changes m pneumonia, 6-71 
control of, 6-41 ff 
efficiency of, 6-37 
mechanics of, 6-28 ff 
penodic, 6-58 



positive pressure, 6-49 
work of, 6-36 

Bnglitiiiess discriminatsoii, 8-99 
Brodfuaim’s areas of cerebral cortex, 
9-105 

Bromide ion in saliva, 2-23 
Bromosulphaleiii 
excretion by liver, 2 72 
use in measurement of kidney blood 
flow, 3-160 

Bronchioles m asthma, 6-72 
Bronchopnenmania, 6-69 
Brimner’s glands, 2-80 
Brush border, intestinal, 2 87 
Buffer action and pH of urme, 5-30 
Buffer systems for H+, 4-104 ff 
Bulbar facilitatory mechanism, 9 93 
Bulbar mhibitory mechanism, 9-93 

C cells of thyroid gland, 7 46 
C nerve fibers, 1-42 
Caffein on gastric secretion, 2-46 
Caisson disease, 6-68 
Cajal, Ramon y 
neuron doctrine, 9 68 
staining ot neurons, 9-44 
Calcitonin, 7-42 if 
action on plasma calcium, 7-48 
chemical structure, 7 47 
comparative physiology of, 7-47 
from C cells of thyroid, 7-46 
Calcium 

hypercalcmna, 5-42 
m control of muscle, 9 66 
intestinal absorption, 2 85 
Calcium homeostasis, 7 42 ff 
Calcium ions 

and hormone secretion, 7 21 
and insulin release, 7 80 
association with G-actm, 1-66 
bond formation m muscle, 1-78 
cardiac excitation contraction, 16 
ff 

in blood clotting, 4-75 
m epinephrine release, 7-72 
m excitation-contraction coupling, 
190 

on neuromuscular transmission, 1-57 
role m action potential, 1-50 
Calcium of plasma 
effect of calcitonin, 7-48 
effect of PTH, 7-44 
removal for anticoagulation, 4-81 
transport ot, 7-43 

Caloric stimulation of vestibule, 8-49 
Calorigenic action of epinephrine, 

9-136 

Canals, semicircular, 8-41 
Cancer and immune response, 4-100 
Cannon, Walter Bradford, homeosta- 
sis, 9-58 

Capacitance of cell membrane, 1-15 
Capacitance of muscle membrane, 

1-91 

Capacity of bladder, 5-53 
Capillaries 

abnormalities m kidney, 5-41 
and lymph formation, 4-83 
blood Oj m cyanosis, 6-79 
exchange of Og, CO a, 6-17 
of renal glomeruli, 5-4 
Starling principle, 4-122 
Capillaries, lymphatic, 4-83 
Capillary membrane 
blood exchange m, 3-16 
permeability of, 4-122 
larbazninohemoglobin, 6-15 
Carbohydrate metabolism 
and corticosteroid actions, 7-57 
control of m muscle, 7-112 ff 


Carbohydrates, intestinal absorption, 
2-86 

Carbon dioxide 

arteriovenous, in measurement of car- 
diac output, 3-158 
blood dissociation curves, 6-16 
cerebral circulation response to, 3-212 
chemodetection, central, 6-47 
chemoreceptor effect on circulation, 
3-182 ff 

content in blood, 6-6 
effect on pulmonary ventilation, 6-52 
exchange in alveoli, 6 4 
m acidosis, alkalosis, 4-108 
interactions with hemoglobin, 4-46 
measurement in blood, 6-8 ff 
resistance to diffusion m lung, 6 27 
retention in asphyxia, 6-64 
retention in pneumonia, 6-69 
sensitivity of chemodetectors 6-53 
used in Oj therapy, 6-82 
used m resuscitation, 6-85 
Carbon dioxide electrode, 6 10 
Carbon dioxide narcosis, 4-108 
Carbon dioxide tension 
and acidification of urine, 5-34 
and epileptic seizures, 9 172 
and multiple factor theory, 6-56 
and signal generation, 9-16 
m alveoli of lung, 6-22 
in blood, 6-5 
in emphysema, 6-74 
m tissues, 6 19 
influence on breathing, 6-41 
on hemoglobin oxygen binding, 4 41 
Carbon dioxide transport, 6-1 ff 
and buffering of H+, 4-106 
as carbaminohemoglobm, 6-15 
at high altitude, 6-67 
chlonde-bicarbonate shift, 6-18 
effect of oxygen, 6-15 ft 
Carbon monoxide 
binding with hemoglobin, 4-46 
diffusing capacity in lung, 6-26 
effect of O 2 m blood, 6-15 
0 a used m poisoning, 6 83 
poisoning from, 6-78 
Carbonic acid 

and bicarbonate buffer system, 4 104 
as source of hydrogen 10 ns, 4-103 
Carbonic acid-bicarbonate system, 
m renal transport of 5 27 
Carbonic anhydrase, 6-16 ff 
and acidification of urine, 5-29 ff 
m gastric juice, 2 38 
m parietal cells, 2-39 
inhibited by cyanide, 6-78 
inhibitors depress Na’*' transport 5 26 
Cardia of stomach, 2-105 
Cardiac asthma, 6 60 
Cardiac < 5 ycle, 3-101 ff 
Cardiac depressor nerve, control of 
blood pressure 3-176 
Cardiac dyspnea, 6-59 
Cardiac edema 
and renal dysfunction, 5-44 
increased extracellular fluid, 4-88 
Cardiac output, at high altitude, 6-67 
Cardiac reflexes, 3 114, 115 
Cardiospasm, 2-109 
Carotid body 

afferents m vagus nerve, 6-48 
properties of, 6-55 
sensitivity to CO* , 6-53 
Carotid sinus 
baroreceptor response, 3-179 
blood pressure control mechanism, 
3-177 

innervation of, 3-177 
reflex arc, 3-178 

Camer m active transport, 1-24 
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Carrier-mediated transport 
mechanisms and models, 1 20 
of glucose, 7-114 
of glucose, renal, 5-9 ff 
Camer molecules, defects of, 1-140 
Casern, digestion by rennin, 2-37 
Catabolite repression, 1 190 
Cataplexy, 9-168 
Catecholamines 

and autonomic transmission, 9-62 
assay for, 7-72 

biosynthesis, autonomic, 9 62 

conjugation and inactivation, 9-63 

control gonadotrophin secretion, 7 15 

details of biosynthesis, 7-71 

details of metabolism, 7-72 

effect on food intake, 2-3 

heart rate regulation during exercise, 

3- 122 

physiological actions, 7-73 
storage and release, 7-72 
summary of metabolic actions, 7 75 
Catechol-O-methyl transferase, 7 72 
Catelectrotonus 
and central computation, 9-13 
in stimulation of nerve, 1-39 
Cathode ray oscilloscope, 1-40 
Cathode, stimulation of nerve, 1 38 
Caudate nucleus, 9-50 
Cell columns of spinal cord, 9-21 tf 
Cell cycle of hemopoiesis, 4 13 
Cell division as grovvth process, 7-146 
Cell indices, erythrocytes, 4-31 
Cell mediated immunity, 4-101 
Cell membrane (see Membrane, cell) 
Cell organelles, 1-2 
Cell physiology (see also Membrane, 
names of cell structures and proc- 
esses), 1-1 ff 

CeU renewal system, 4-10 
granulocytopoiesis, 4-65 
m erythropoiesis, 4-21 
Cell surface and rate of transport, 
1-6 

Cell types of adenohypophysis, 7-8 
Cellular immunity and graft rejection, 

4- 98 
Center 

reflex, for defecation, 2-120 
swallowing, 2-96 
vomiting, 2-110 

Centers, autonomic, medullary, 9-65 
Central excitatory state (CES), 9-13 
ff 

of motor neuron pool, 9-71 
Central inhibitory state (CIS), 9-13 
ff 

Central nervous system (see Brain) 
Central synaptic delay, 9-75 
Centrioles, 1-13 

Centrosome, absent in neuron, 1-30 
Cerebellar-cerebral connections, 9 47 
Cerebellar cortex, 9-44 
Cerebellar disease, 9-168 
Cerebellar nuclei, 9-46 
Cerebellum 

comparative physiology of, 9-97 
connections of, 9-46 ff 
control of movement, 9-96 
control of posture, 9-97 
experimental study, 9-49 
flocculonodular lobe, 9-98 
neuronal interrelations, 9-48 
neuronal organization, 9-44 
signs of disease, 9-168 
structure and divisions, 9-42 ff 
vestibular input, 8-49 
Cerebral-cerebMBllar connections, 9-47 



Cerebral cortex, 9-104 ff 
association areas, 9-111 
comparative physiology, 9-88 
comparative physiology of deficits, 
9-113 

control of vasoconstriction, 3 170 
decortication, 9-94 
dominant hemisphere, 9-120 
electrical activity, 9-105 
tme structure, 9 104 
lateralization of function, 9 119 
localization of function, 9 104 
pre- and orbitofrontal regions, 9-117 
Cerebral cortex, motor, 9-112 ff 
area 4 vs area 6, 9-115 
autonomic connections, 9 65 
frontal eye fields, 9-117 
in control of respiration, 6-46 
projections from, 9-89 
speech mechanisms, 9-148 
visceral motor areas, 9-116 
Cerebral cortex, sensory, 9-109 
auditory connections, 8-26 
olfactory connections of, 8-138 
single cell activity, visual, 8-93 
thalamocortical fibers, 9 108 
visual areas, 8-78 
Cerebrospinal fluid (CSF) 
affects chemosensitivity, 6-47 
hypnotoxm in, 9-142 
Ceruloplasmin, 4-6 
Cerveau isole, 9-138 
Cervical sympathetic chain, 9-55 
Chalasia, 2-103 
Charles’ law of gases, 6-2 
Chemical effects 
on hemolysis, 4-58 
on iodide trapping, 7 30 
on secretion of saliva, 2-29 
Chemical senses (see Taste, Olfac- 
tion) 

Chemical sensitivity in gut, 2-11 
Chemical transmission 
adrenergic, autonomic, 9-62 
cholinergic, autonomic, 9-60 
history of, 1-52 
in autonomic system, 9-59 
m basal ganglia, 9-100 
m brain and spinal cord, 9-14 
mechanism of, 1-57 
Chemical transmitters 
distribution m CNS, 9 83 
storage and release, 1-58 
Chemical vs electrical transmission, 
9 82 

Chemoreceptors 
central, for CO a, 6-47 
CO 2 sensitivity, 6-53 
influence on abdominal muscles, 6-50 
sensitivity to H+, 6-66 
sensitivity to low Oa, 6-54 
Chemotaxis of leukocytes, 4-63 
Chemotherapy of leukemia, 4-19 
Chest in emphysema, 6-73 
Chest m ventilation, 6-32 ff 
Chewmg, 2-95 

Cheyne-Stokes breathing, 6-58 
Chief cells of stomach, 2-31 
Childbirth and oxytocin, 7-28 
Chlonde-bicarbonate shift m blood, 

6-18 

Chlonde current in muscle, 1-92 
Chloride ions 

and Hodgkm-Huxley theory, 1-36 
and spinal EPSP, 9-78 
and synaptic potentials, 1-55 
in countercurrent system, 5-20 
renal transport of, 5-23 ff 


Chloride pump, gastric, 2-36 
Cholagogues, 2-70 
Cholecystectomy, 2-75 
Cholecystokmm, 2-15 
Cholelithiasis, 2-77 ff 
Choleretics, 2-70 
Cholesterol 
and cholelithiasis, 2-77 
constituent of bile, 2-69 
in bile acid synthesis, 2-62 
in corticosteroid biosynthesis, 7-52 
in glucocorticoid synthesis, 7 60 
intestinal absorption of, 2-93 
plasma levels of, 4-8 
Cholic acid m bile, 2 62 
Cholic acid in cholelithiasis, 2-78 
Choline acetylase, 9-60 
Cholinergic nerves to gut, 2-8 
Cholinergic system, 9-53 
Cholinergic transmission, 9-60 ff 
Cholinesterase, in autonomic system, 
9-61 

Chorda tympani nerve 
taste fibers in, 8-126 
to salivary glands, 2-19 
Chorda tympani syndrome, 2-30 
Chorea 

as rhythmic mechanism, 9-102 
types and symptoms, 9 169 
Choreoathetosis, m thalamic lesions, 
9-167 

Chorionic gonadotropin (HCG), 7 108 
Chromaffin cells of adrenal medulla, 

7-71 

Chromatic aberration, 8-67 
Chromatm and nuclear sex, 7-88 
Chromatin, nuclear, 1 7 
Chromatography 
of blood gases, 6-10 
of gas mixtures, 6-8 
of releasing factors, 7-18 
Chromatolysis of Nissl bodies, 1-29 
Chromophobes of anterior pituitary 
gland, 7-8 

Chromosomal sex, 7-88 
Chromosome mapping, 1-162 
Chromosomes 
chemical nature of, 1-7 
m eukaryotic cells, 1-193 
of stem cells m hemopoiesis, 4-18 
Chromosomes X and Y, 
and sex differentiation, 7 88 
morphology of, 1-137 
Chronaxie, 1-38 
Chylomicrons 
and fat absorption, 2-91 
of lymph, 4-85 
Chymotxypsm, 2 52 
Chymotxypsinogen, 2-52 
Cilia and flagella, 1-13 
Cilia in cochlea, 8-19 
Ciha in olfactory receptor, 8-135 
Circulation, response to thermal 
stress, 9-130 

Circulation, control of, as example of 
regulation, 9-124 
Citrate, in lipxd synthesis, 7-124 
Clasp-knife reflex, 9-73 
and muscle spindles, 9-85 
Clearance 
of creatinine, 5-39 
of free water, 5-22 
of mulm, tests based on, 5-39 
of PAH, tests based on, 5-39 
of urea, 5-35, 39 
Clearance methods 
for glomerular filtration, 5-6 ff 
for study of kidney, 5-3 
Clearing factor lipase, 7-128 
Chmbmg flbers of cerebellum, 9-44 


Clonal selection theory of antibodies, 
4 91 

Clones from marrow, 4 18 
Clonus 

as rhythmic mechanism, 9-103 
as stretch reflex, 9-87 
Clot dissolution, 4-77 
Clot retraction time, 4-78 
Clotting mechanism, 4-75 ff 
Clothing and temperature regulation, 
9-130 

CNS control of respiration, 6-52 ff 
CNS control of urinary tract, 5-51 
Coagulation factors in lymph, 4-85 
Coagulation of blood (see also Blood 
clothing), 4-75 ff 
Coagulation tune, 4-78 
Cobalt m vitamin B 12 , 4-38 
Cochlea, 8-14 ff 
electrical potentials in, 8-22 
innervation of, 8-23 
microscopic anatomy, 8-16 
Cochlea vs vestibular system, 8-15 
Cochlear efferent system, 8-25 
Cochlear microphonic potentials, 
8-20 

Cochlear nuclei in hearing, 8-26 
Code, genetic, 1-175 ff 
Codmg, neural, 9-12 
for color vision, 8-91 
of sensory response, 8-9 
of sensory signals, 8-3 
Codon-anticodon interaction, 1-177 
Codons for protein synthesis, 1-175 
Coefficient of O 2 utilization, 6-14 
Coenzyme A from pyruvate oxida- 
tion, M03 

Cold aggiutmm and hemogiobinuria, 
4-59 

Cold receptors, 8-153 
Colitis, ulcerative, 2-117 
Colhgative properties of water, 5-17 
Colloid of thyroid gland, 7-33 
Colon, motility of, 2-117 
Colonic motility, abnormalities, 2-119 
Colonic secretion, 2-82 
Color anomaly, 8-117 
Color blindness, 8-114 ff 
Color discrimmation, 8-113 
Color vision, 8-113 ff 
and stimulus wavelength, 8-91 
coding in cortical units, 8-94 
codmg in lateral geniculate body, 

8- 91 

sensitivity of receptors, 8-83 
Columns of spinal cord, 9-21 ff 
Commissures of brain, 9-119 
Commissures of spinal cord, 9-22 
Common bile duct, 2-72 
Communication and speech, 9-147 
Comparative physiology 
of blood, 4-1 
of calcitonin, 7-47 
of cerebellum, 9-97 
of cerebral cortex, 9-88 
of deficits from cerebral cortex, 

9- 113 

of insulin, 7-76 
of membranes, 1-26 
of releasing factors, 7-20 
of sensory processes, 8-4 
of temperature regulation, 9-128 
of velocity of nerve impulse, 1-43 
Compartment analysis 
for erythropoiesis, 4-22 
m hemopoiesis, 4-16 
of granulocytopoiesis, 4-65 
Compensation for acid-base disturb- 
ances, 4-107 ff 

Compensation, mtracodon, 1-185 



Coittpetiifcioii in earner transport, 1-20 
Competition of sugars for carrier, 
7-115 

Compliance of lung, 6 U 
Compound action potential 
in sensory nerve 8 8 
ol mixed nerve, 1 41 
Compronuse in control systems, 9 17 
Computer analysis of sensation, 8-fo 
Computer for cliincai diagnosis, 
4-112 

Computer print out, disturbance, 
4-111 

Concentration gradient and trans- 
membrane movemeiit, 1-18 
Concentration potentials, 1-31 
Concentration test, urine, 5- 19 
Conditioned reflexes, 9-151 ft 
Conditioned secretion of saliva, 2 2G 
Conditioning, autonomic, 9-156 
Conditionmg, classical, 9-151 
electrical recordings 9-151 
Conditioning, instrumental, 9-153 
Conditioning, mechanism of, 9-156 
Conditioning, neuronal, 9-156 
Conduction deafness, 8-34 
Conduction velocity vs fiber size, 
1..42 

Cone pigments and color vision, 8-91 
Cones vs rods 
distribution ot, 8 69 
m dark adaptation, 8 10 1 
Conformation of protein, 1-127 
Congenital adrenal hyperplasia, 7 6<> 
Congenital cardiac defects, 6 77 
Congenital neutropenia, 4-72 
Conjugation of bacteria, 1-163 
Conjugation of bile pigments, 2 66 
Connectors, neural, 9 2 
Consciousness of rotation, 8 53 
Consciousness of sensation, 8-2 
Constipation, 2-120 
Continence of urme, 5-54 
Contraction of muscle, 1-61 fl 
isometric, 1-82 
isotonic, I 79 
Control 

of energy balance, 9 127 
of enzymes in muscle, 7-114 
of exocrine glands, 9 53 ft 
of intestinal motility, 2-114 
of skeletal muscle, 9 66 ff 
of smooth muscle, 9-53 if 
of water balance, 9-125 
Control, endocrine 
of cell sire and number, 7-146 
of gluconeogenesis, 7- 137 
of lipolysis, 7-130 
of protein synthesis, 7 153 
vs neural control, 9-121 
Control, humoral 
of sleep and wakefulness, 9-142 
of thermal exchange, 9-136 
Control, neural 
hierarchy of levels, 9-15 
local processes, 9-11 
of locomotion, 9-96 
of movement, 9-96 
of movement, cortical control, 9-112 
of posture, 9-88 
of skeletal muscle, 9-66 ff 
of swallowing, 2-96 
of sweating, 9-131 
of thermal exchange, 9-128 ff 
of unnary tract, 5-50 ff 
of ventilation (schema), 6-46 
pnonty and compromise, 9-17 
resume of deficits, 9-161 ff 
setpoint of, 9-19 
vs endocrine control, 9-121 


Control points m purme synthesis, 
1 150 

Control systems m genetics, 1-136 
Control systems, summary of, 9 121 
ff 

Control, transmission of, 9-11 
Control vs regulation, 9-18 
Convergence 

m depth perception, 8 119 
m spinal cord, 9-71 
Convulsions 

from irritation of area 4, 9-115 
in water intoxication, 4 117 
origin of, in epilepsy, 9 172 
Coombs test, 4 50 

Copper mjures basal ganglia, 9 99 
Copper transport m plasma, 4-6 
Coproporphyrms, 4-42 
Core enjEyme of polymerase, 1-170 
Con cycle of lactic acid, 7-135 
Coriolis acceleration, 8-54 
Cornea, 8-70 
Coronary artery 
blood flow, 3 131 ff 
collateral circulation, 1-143 
drugs vs collateral circulation m oc- 
clusion of, 3-144, 145 
stimulation of collateral circulation, 
3-145 

Corpus callosum, function of, 9-119 
Corpus luteum, 7-101 
Cortex (see Adrenal cortex. Cerebellar 
cortex Cerebral cortex, etc ) 

Corti, organ of, 8-17 
Cortical inhibitory mechanism, 9-145 
Corticipetal fibers, 9-52 
Corticobulbar tract, 9-27 
Corticofugal fibers, 9-51 
Corticospinal tract, 9-27 
origin, areas 4 and 6, 9-113 
Corticosteroid biosynthesis, 7-50 
defect in congenital adrenal hyper- 
plasia, 7-67 

scheme of pathways for, 7-62 
Corticosteroids (see also glucocortico- 
steroids) 
assay of, 7-53 
metabolism of, 7-53 
physiological effects, 7-56 
Corticotrophin releasing factor 
(CRF). 7-20 

Cortisol (see also glucocorticosteroids) 
actions of, 7-57 
biosynthesis of, 7-51 

Cortisol and cortisone metabolism, 

7-54 

Countercurrent system 
and urea excretion, 6-36 
of renal tubules, 5-20 ff 
CounterpuJsation, coronary blood flow, 
3-154 

Coimterroilmg of eyes, 8-52 
Covalent backbone of 0NA, 1-158 
Covalent bonds m protein, 1-122 
*^Cr for platelet turnover rate, 4-74 
Cranial nerves 
autonomic components, 9-67 
classification of, 9-31 ff 
visceral components, 9-54 
Craniosacral system, 9-53 
Creatine phosphate 
cardiac muscle contraction, 3-40 
m muscle, 1-96 

Oreatmme smd renal dysfunction, 
5-38 

Creatmine clearance, 5-8, 39 
Oemastenc reflex, 9-165 
Crenation of erythrocytes, 4-31 
Cretinism, 7-41 
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CRF (corticotrophin releasing fac- 
tor), 7-20 

Critical frequency of fusion, 8-110 
Cntical temperature, 9 131 
Cross-bridges in muscle, 1-76 
in sliding filament theory 1-72 
Crossed extensor reflex, 9-73 
Crossmatching, for blood transfusion, 

4- 53 

Crossover of genes, 1 162 

Crush syndrome and renal failure, 

5- 43 

CSF (see Cerebrospinal fluid) 

Cupula, vestibular, 9 42 
Current, electrical 
as stimulus to nerve, 1 38 
during voltage clamping, 1-47 
in activation of muscle, 1-89 
Cushing effect, 3-179 
Cushing’s syndrome, 7-64 
Cutaneous touch sensation, 8 147 
Cyamde as poison, 6-78 
Cyanide causes hypoxia, 6-63 
Cyanocohalamme (see Vitamin B 12 ) 
Cyanosis, 6-78 ff 
definition, 6-64 
from defects m heart, 6-76 
m bronchial asthma, 6-72 
in emphysema, 6-74 
m pneumonia, 6-69 

Cycle of granulocyte turnover, 4-68 
Cycle of lymphocytopoiesis, 4-93 
Cycles 

female reproductive, 7-101 
photochemical, 8-82 
Cyclic AMP 
activates lipases, 7-129 
and insulin secretion, 7-80 
and phosphorylase system, 7-119 
as purme derivative, 1-142 
as second messenger, 7-5 
hepatic, effect of glucagon, 7-85 
m action of TSH on thyroid cells, 7-36 
m catabolite repression, 1-190 
m control of protein synthesis, 7-150 
in PTH action on bone, 7-45 
in secretion of calcitonin, 7-47 
increases gluconeogenesis, 7-139 
intermediary in action of catechola- 
mines, 7 73 
listing of actions, 7-6 
mediates ACTH action on adrenal, 
7-60 

mediates vasopressin activity, 7-27 
membrane receptor sites for, 1-6 
role m glucogen synthesis, 7-117 
stimulates hormone secretion, 7-21 
Cylmdruna, 5-42 
Cystic duct, 2-72 
Cystmuna, 1-140 
Cytochrome oxidase, 6-78 
Qytochrome system in muscle, 1-102 
Cytosme, 1-142 

Damping of neural circuit, 9-102 
Dark adaptation 
and receptive fields, 8-89 
mechanisms of, 8-100 
Dead space 

anatomical vs physiological, 6-20 
measurement, 6-20, 21 
Deafiiess 
categories of, 8-38 
causes of, 8-33 ff 
diagnosis of, 8-35 ff 
treatment of, 8-34 
Deamiuatioii, oxidative, 1-132 
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]3e€arbo:^ylatioii of ammo acids, 
1 132 

Decerebrate animal, 9-69 
Decerebrate rigidity, 9-91 
Decerebrate rigidity m man, 9-166 
Decerebration, effect on respiratory 
centers, 6-42 

effect on stretch reflexes, 2 72 
Decibel notation for sound, 8-11 
Decompression chamber and hy- 
poxia, 6 65 

Decompression sickness, 6-68 
prevention by oxygen, 6-82 
Decortication, 9 94 
Decortication in man, 9 166 
Defecation, 2-119 
Defects, optical, S 68 
Deficits, anemias, 4-31 ff 
Deficits, endocrine 
diabetes melhtus, 7-87 
goiter, 7 37 

hyper-, hypothyroidism, 7-40 ff 
hypophysectomy, protein metabo- 
lism, 7-147 

of adrenal medulla, 7-75 
of adrenocortical function, 7 63 
of calcium homeostasis, 7-48 ff 
of neurohypophysis, 7-28 
releasing factors in therapy, 7-20 
Deficits, genetic 
aminoacidopathies, 1-135 
anemia, 4-20 

chronic granulomatous disease, 4 72 
congenital adrenal hyperplasia, 7 66 
disacchande intolerance, 2-88 
DPG deficiency (see also G6PD), 4 44 
errors of metabolism, 1-136 
erythroblastosis fetalis, 4-51 
G6PD deficiency, 4-29 
hemoglobinurias, 4-59 
hemophilia, 4-76 
of blood clotting, 4-79 ff 
of purine, pyrimidine metabolism, 
1 153 

porphyrias, 4-47 
proteinopathies, 1 135 
sickle cell anemia, 4-37 
spherocytosis, 4-36 
thalassemia, 4-36 
Deficits, metabolic 
genetic basis, 1-136 
proteinopathies, 1-135 
Deficits, neural, 9-4 
hypotheses concerning recovery, 9-6 
recovery in cerebral cortex, 9-88 
significance of level, 9-161 
Signs vs symptoms, 9 4 
Deficits, neural, climcal, 9-161 ff 
Bell’s palsy, 9-37 
facial paralysis, 9-36 
of esophageal motility, 2-102 
of swallowing, 2-97 
of trigeminal pathways, 9-35 
Parkinson’s disease, 9-101 
spastic hemiplegia, 9-116 
spinal cord syndromes, 9-162 
Deficits, neural, experimental, 9-5 
after cerebellar operations, 9-97 
after cortical lesions, 9-113 
after lobectomy, lobotomy, 9-118 
cerebral decortication, 9-94 
cerveau and encephale isole, 9-139 
from orbitofrontal ablation, 9-117 
Deficits, neural, sensory 
color blindness, 8-114 
m visual system, 8-78 
of hearing, 8-33 ff 
of olfaction, 8-141 


of vestibular function, 8-62 
spinal cord lesions, 9-25 
Degenerate nature of genetic code, 

1 176 

Degeneration of nerve fibers, 1-31 
Deglutition (see also swallowing), 2-95 
Degradation of protein, 7-148 
Dehydration of body, 4-116 
Dehydrogenase activity, 1-133 
Deiodmase, thyroid, 7-33 
Deiodination of thyroid hormones, 7-34 
Better’s nucleus, 9-45 
Delay, synaptic, central, 9-75 
Delayed response, 9-155 
Deletion causes mutation, 1-185 
Denaturation of protein, 1-127 
Dendrites, 1-30 
Denervation of muscle, 7 147 
Densitometry, microspectral, 8-82 
Deoxycorticosterone action m kidney, 

5 10 

Deoxyribonuclease, 1 151 
Deoxyribonucleic acid (see DNA) 

Deoxy ribonucleotide, 1-146 
Deoxyribose m DNA, 1 142 
Depolarization of nerve fiber, 1-38 
Deprivation, visual, 8-95 
Depth perception, 8-117 
Dermatomes, 9-23 
Dermographism, 3-215 
Desoxycorticosterone action in kidney 
(see Deoxycorticosterone action in 
kidney) 5-10 

Detection, thermal, hypothalamic, 
9-135 

Detectors (see also Baroreceptors, 
Chemoreceptors, Mechanorecep 
tors, etc ) 

Detectors, neural, 9-1 
Detrusor muscle of bladder, 5-49, 55 
Deuterium oxide, absorption of, 2 84 
Developmental physiology of vision, 
8-95 

Dexamethasone, 7-56 
Dextran filtered in kidney, 5-6 
Dextran for plasma volume, 4 119 
Diabetes insipidus 
and renal dysfunction, 5-47 
and thirst, 2-7 

from hypothalamic lesion, 9-167 
pathogenesis, 7-28 

Diabetes msipidus, nephrogenic, 5-46 
Diabetes melhtus 
clinical features, 7-87 
control of ketogenesis in, 7-140 
effect on glucose utilization, 7-122 
lipid metabolism in, 7 131 
Diaphragm, movement of, 6-28 
Diarrhea, 2-119 
dehydration from, 4-116 
loss of bicarbonate ion, 4-109 
with disacchande intolerance, 2-88 
Diathermy heating of hypothalamus, 

9 134 

Dichromats, 8-115 
Dicumarol, climcal use of, 4-82 
Dielectric constant of membrane, 1-15 
Diencephalon, 9-39 
components of, 9-20 
Diet changes body water, 4-115 
Difierential thresholds, auditory, 8 31 
Differentiation 

affected by thyroid hormone, 7-38 
in hemopoiesis, 4-16 
of fast vs slow muscle, 1-111 
of sexual anatomy and function, 7-88 
ff 

Difihismg capacity for CO, 6-26 
Diffusing capacity for Oa, 6-24 ff 
Diffusion, 1-17 


calculation of rate, 1-19 
facilitated, of glucose, 7-115 
non-ionic, m kidney, 5 37 
of carbon dioxide, 6 27 
of gases, theory of, 6-3 
Diffusion potentials, 1-33 
Digital properties, neural, 9-13 
Digitalis, effect on cardiac output, 3-119 
Dimer of thymine, 1-168 
Dmitrophenol action in kidney, 5 15 
Dmitrophenol vs thyroid hormone, 
7-39 
Diodrast 

m renal function tests, 5-39 
secretion by tubules, 5 13 
use in measurement of blood f, 3 160 
Diaphasic action potential, 1-41 
Dipolar nature of ammo acids, 1 119 
Direct inhibition 

m spinal reflexes, 9-79 
origin and significance, 1 55 
Disacchandases, 2-88 
Disacchande intolerance, 2-88 
Discnmmation (see name of discrimi- 
nation) 

Discrimination learning, 9 154 
Discrimination of frequency, 8-15 
Discnmmation threshold for fr€>- 
quency, 8-32 

Disease (see name of disease, or organ 
or system affected) 

Disparity, retinal, 8-120 
Disseminated (multiple) sclerosis, 
9 170 

Dissociation curves (see also oxyhemo- 
globin dissociation c urves) 
carbon dioxide, 6-16 
combined, CO 2 and O 2 , 6-71 
oxygen, 6-11 ff 

Dissociation of ammo acids, 1-120 
Disulfide bridges 

in denaturation of ribonuclease, 1 128 
m insulin molecule, 7-76 
Diuresis, 5 18 ff 
and urea excretion, 5 35 
osmotic, 5-25 
Diuretics, 5-26 
Diuretics, mercurial, 5-15 
Dizziness, 8-59 
DNA, (see also Nucleic acid) 
discovery of, 1-158 

role in cardiac hypertrophy, 3-45 ff 
DNA and genes, 1 136 
DNA and mutations, 1-138 
DNAligase, M66 
DNA molecules 
genetic organization of, I 162 
single stranded, 1-166 
size and shape, 1-161 
structure of, 1-158 
DNA of nucleolus, 1-6 
DNA polymerase, 1-166 
DNA replication, 1-163 
and corticosteroid actions, 7-67 
and granulocytopoiesis, 4-66 
and lymphocytopoiesis, 4-93 
fohc acid requirement for, 4 .38 
m cycle of hemopoiesis, 4-13 
m erythropoiesis, 4-22 
regulated by steroids, 7-7 
stimulated by androgen, 7-99 
DNA replication time, 4-14 
DNA structure, 1-142 
DNA vs. RNA, 1-142 
Domuiance in genes, 1-136 
Dominant hemisphere 
lateralization of function, 9-120 
localization of speech mechanisms, 
9-148 

Donath'Landstemer hemolysin, 4-69 



Donnan ratio and CO 2 transport, 6 18 
Dopa and dopansme biosynthesis, 

7-71 

Dopa for Parkinson's disease, 9-101 
Dopamine 

and gonadotropin secretion, 7-15 
as transmitter, 1 59 
distribution in CNS, 9-83 
in basal ganglia, 9-101 
Dopamine- j8-oxidase, 9 62 
Dorsal root potentials, 9-11 
Dorsal roots, viscera! affferents m, 
9-54 

Dorsal spinocerebellar tract, 9-25 
Dorsomedial thalamic nuclei, 9- 19 
Double heikx, structure of, 1-60 
Downhill vs uphill transport, 1-22 
DPG (2,3-diphospho o-glycenc acid) 
binding to hemoglobin, 4-44 
concentration in stored blood, 4 55 
Drinker respirator, 6-84 
Drinking 
control ol, 9-125 
rhythm ol, 9-103 
Drug effects 
cause edema, 4-89 
emetics, 3-1 10 
in epilepsy, 9-172 
in motion sicknes, 8-bl 
on bone marrow, 4-19 
on capillary permeability, 4-87 
on colonic motility, 2- 1 19 
on gallbladder, 2 77 
on gastric secretion, 2-45 
on granulocytopoiesis, 4-7 1 
on H concentration, 4 104 
on liver tunction, 2-67 
on secretion of saliva, 2-29 
on taste, 8-131 

Drugs excreted by kidney, 5-37 
Dubin-Johnson syndrome, 2-67 
Ducts, sahvaiy, 2 17 
Ductus arteriosus 
failure to close, 6-77 
fetal circulation, 3-238 ff 
Ductus venosus, age of closure of, 3 239 
Duodenal loops, 2- 1 1 3 
Duodenal motility, 2 111 
Duodenal rhythmicity, 2 113 
Duodenal ulcer, 2-45 
Duration of visual perception, 8-112 
Dwarfism 
pituitary, 7-143 
thyroidal, 7-41 
Dyads of retina, 8-75 
Dynamic state of body constituents, 
4-7 

Dynamic vs static receptors, 8-44 
I^sarthria, 9-150 
Dysbarism, 6-68 
l^sphagia, 2-103 
Dyspnea, 6-59 ff 
from defects m heart, 6-76 
miscellaneous causes, 6-61 

Ear and hearmg, S-12 ff 
Early receptor potential, 8-86 
Edema, 4-88 ff 

cardiac, with renal dysfunction, 5-44 
caused by aldosterone, 5-47 
m renal dysfunction, 5-43 ff 
nephrotic, 5-42 

pulmonai^, with dyspnea, 6-60 
Edema fluid, 4-84 
Edinger-Westphal nucleus, 9-32 
EDTA and Ca binding, 7-44 
EDTA-hke relaxing factor, 1-94 
EDTA prevents clotting, 4-76 
EEG (see electroencephalogram) 
Effective renal plasma flow, 5-15 


Effectors, neural, 9-1 
Efferent auditory pathways, 8-28 
Efferent cochlear bundle, 9-37 
Efferent nerve fibers, 9-74 
m olfactory system, 8-138 
in visceral system, 9 54 
in visual system, 8-80 
to inner ear, 8-25 
to vestibule, 8-47 
Efficiency of ventilation, 6 37 
Emhoven method of vector analysis, 
3-66 

Eisenmenger's complex, 6 77 
Elastic element 

parallel, in muscle, 1 65 
senes, in muscle, 1-81 
Elastic tissue of lung, 6-75 
Elasticity of muscle, I 79 
Electrical properties 
of cell membranes, 1-15 
of living systems, 9-12 
of muscle fiber membrane, 1 92 
Electrical recording, 9 9 ff 
Electrical stimulation, 9 8 ff 
during conditioning, 9-152 
in study of sensation, 8-5 
of olfactory receptors, 8 135 
of otolith system, 8 50 
of salivary secretion, 2-27 
of taste receptors, 8 1 10 
self-stimulation of brain, 9-154 
Electrical transmission, 1 59 
Electrical vs chemical transmission, 
9-82 

Electrocardiogram, 3-64 ff 
abnormalities of, 1-69 ff 
digitalis effect on, 3 73 
effect of myocardial injury on, 3-62 
electrodes for standard leads, 3-67 
left bundle branch block effect on, 
3 72 

myocardial ischemia effect on, 3 72 
procaine amide effect on, 3-73 
qumidme effect on, 3-7 3 
right bundle branch block effect on, 
3-69 

time intervals during cardiac cycle, 
3-104 

vector analysis, 3 65 ff 
ventricular hypertrophy effect on, 
3 69 

Electrocardiography, 3-58 If 
Electrochemical potential 
m active transport, 1-21 
in earner transport, 1-21 
Electroconvulsive shock and memory, 
9-158 

Electrode potentials, 1-33 
Electrodes for electromyography, 

1-106 

Electrodermal response to hearmg, 

8-36 

Electroencephalogram (EEG), 9-106 
ff 

activation of, 9-137 
of sleep, 9-137 
Electrolyte concentrations 
in bile, 2-60 
m blood plasma, 4-2 
m gastric juice, 2-36 
in lymph, 4-85 
in pancreatic juice, 2-50 
in perilymph, endolymph, 8-18 
in saliva, 2-22 
in succus entencus, 2-80 
Electrolyte depletion 
m Addison's disease, 7-63 
in adrenal hyperplasia, 7-68 
with water depletion, 4-116 
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El©ctrol 3 rtes 

affect aldosterone secretion, 7-63 
and membrane potentials, 1-35 
mtestmal absorption, 2-85 
pancreatic secretion of, 2 53 
taste of, 8-121 

transported in gallbladder, 2-74 
Eiecti omagrnetic radiation spectrum, 
8-64 

Electromyography, 1-104 ff 
Electron microscopy of membranes, 
1-3 

Electron microscopy of muscle, 1-63 
ff 

Electron transport 
m HCl secretion, 2 40 
m mitochondria, 1-11 
in nerve, 1-51 

in phosphorylation in muscle, 1 102 
Electrophoresis of plasma proteins, 
4-4 

Electrophysiology of reflexes, 9-74 
Electrophysiology of sensation, 8-3 
Electroretinogram (ERG) 8-86 
Electrostatic bond hypothesis of mus- 
cle, 1 78 

Electrotonic potentials (see also po- 
tentials, electrotonic), 9-11 ff 
Elongation of polypeptides, 1 179 
Embden-Meyerhof pathway m RBC, 
4-28 

Embolus following thrombosis, 4-80 
Embryology 
of nervous system, 9 20 
of sarcoplasmic reticulum, 1-70 
sexual differentiation, 7-92 
Emetics, 2-110 
Emotion, 9-143 ff 
and gastric secretion, 2-47 
Emphysema, 6-73 ff 
changes in lung volumes, 6 72 
detection of uneven ventilation, 6-21 
dyspnea in, 6-59 
volume-flow relations, 6-34 
Encephale isole, 9-139 
End plate of muscle, 1-57 
End plate potentials 
and acetylcholine release, 1 57 
and quanta of acetylcholine, 1-89 
as computational process, 9 13 
Endocochdear potential, 8 22 
Endocrine glands, 7-1 ff 
neuroendocrine relations, 7 2 
Endocytosis as transport, 1-6 
Endocytosis m thyroid cells, 7-33 
Endogenous sources of ammo acids, 
1-130 

Endoljmiph, 8-40 
electrolytes of, 8-18 
Endometrium, cycles of, 7-102 
Endonuclease, 1-151 
Endoplasmic reticulum (ER), 1-7 
Energy balance, 2-1 
h 3 Tpothalaraic control of, 9-127 
Energy exchange of nerve, 1-51 
Energy generation m muscle, 1-96 ff 
Energy of radiation, 8-64 
Energy release m muscle, 1-104 
Energy reserves m adipose tissue, 
7-123 

Energy requirements for vision, 8 84 
ff 

Energy sources for muscle, 7-112 
Energy sources m man, 7-125 
Energy transmission m hearmg, 8-15 
Enterogastric reflex, 2-10 
and gastric emptying, 2-109 



10 INDEX 

Enterogastrone 
and gastric emptying, 2-109 
and gastric secretion, 2-41 
inhibits gastric secretion, 2-44 
Enteroliepatic circulation 
of bile pigments, 2-68 
of bile salts, 2-63 
Emterokmase, 2-51 
Environment, rotation of, 8-54 
Enzyme action 

in energy generation m muscle, 1-98 
m fibrinolysis, 4-77 
in membrane transport, 1 4 
in mitochondrial membrane, 1-12 
m phagocytosis, 4-63 
m protein degradation , 7-149 
Enzyme control, types of, 7-114 
Enzyme deficit in gout, 1-155 
Enzyme deficit in orotic aciduna, 
1-156 

En^me induction and repression, 

1- 187 

Enzyme induction by steroids, 1-193 
Enzyme pathways 
for blood clotting, 4-75 ff 
for glycogen synthesis, 7-117 
for lipid synthesis, 7-124 
for protein synthesis, 1-174 
for purine synthesis, 1-147 
for pyrimidine biosynthesis, 1-145 
for RNA biosynthesis, 1-170 
for synthesis of catecholamines, 7-71 
m ammo acid metabolism, 1-132 
in control of lipogenesis, 7 141 
Enzyme reactions and odor percep- 
tion, 8-143 

Enzyme recogpiition site, 1-174 
Enzyme secretion by pancreas, 2-54 
Enzymes (see also name of enzyme) 
disaccharidases, 2-88 
m gastric juice, 2-37 
m pancreatic juice, 2-51 
m saliva, 2 24 ff 
m succus entencus, 2-82 
Eosinophils of blood, 4 62 
effect of cortisol on, 7-58 
Epbapse, 1-59 
Epilepsy 

clinical description, 9-170 ff 
effect on EEG, 9-108 
irritation of area 4, 9-115 
Epilepsy, psychomotor, 9-147 
Epmephrme, 7-71 
activation of phosphorylase, 7-118 
and regulation of body temperature, 
9-136 

as autonomic transmitter, 9-62 ff 

as insulin antagonist, 7-86 

causes paralytic secretion of saliva, 

2- 26 

conjugation and mactivation, 9-63 
effect on cardiac output, 3-118 
effect on gluconeogenesis, 7-137 
effect on heart muscle, 3-116 
m pheochromocyte, 7-73 
increase m coronary blood flow, 3-138 
released by acetylcholine, 9-61 
renal blood flow effects of, 3-236 
Equal-loudness contours, 8-32 
Equivalent electrical circmt 
for EPSP, 1-54 
for muscle membrane, 1-91 
of nerve fiber, 1-39 

Endoplasmic reticulum <£R), rough 
and smooth, 1-8 

Errors, translational, protein syn- 
thesis, 1-177 

Erythroblastosis fetalis, 4-51 


Erythrcjcyte defects, 4-34 
Erythrocyte destruction, 4-34 ff 
Erythrocyte dimensions, 4-32 
Erythrocyte life span, 4-30 
hemoglobin turnover, 4-36 
Erythrocyte membrane 
m hemolysis, 4-57 
pores in, 1-17 
water permeability, 1-27 
Erythrocyte precursors, 4-24 
Erythrocyte sedimentation rate, 4-60 
Erythrocytes 

cell indices, calculation, 4-31 
deformability of, 4-61 
destroyed in spleen, 4-35 
formation m bone marrow, 4-11 
hemoglobin as buffer, 4 105 
in blood gas transport, 6-13 ft 
mtracorpuscular defects, 4-36 
lifespan m stored blood, 4-54 
metabolic pathways, 4-27 
structure and function, 4-26 ff 
variations m, 4 30 
Erythron, defined, 4-25 
Erythropoiesis, 4-21 ff 
effect of cortisol, 7-58 
from common stem cell, 4-18 
regulation of, 4 25 
steady state model, 4 26 
suppression by hemoglobin, 4 23 
Erythropoietic factor, renal, 4-26 
Erythropoietin, 4-25 
Esophageal sphincter 
lower, 2-102 
upper, 2-98 

Esophagogastric junction, 2-102 
Esophagus 

and swallowing, 2 95 ff 
disturbances of motility, 2-102 
motility of, 2-100 
pain from, 2-104 
spasm of, 2-103 
stricture of, 2-103 
Essential ammo acids, 1-129 
Esterification m hpid synthesis, 7-127 
Estrogen 

adrenal synthesis of, 7-51 
effect on LH secretion, 7-106 
in reproductive cycle, 7-102 
mechanism of action, 7-107 
model of cellular action, 7-7 
transport and metabolism, 7-106 
Estrogen secretion 
by human placenta, 7- 110 
in male, 7-101 

in phases of ovarian cycle, 7-105 
Ethyl alcohol 

and vestibular function, 8-60 
effect on gastric secretion, 2-46 
Ethyl iodide, arteriovenous, measure- 
ment of cardiac output, 3-159 
Eukaryotic cells, chromosomes of, 
1-193 

Eustachian tube and deafness, 8-34 
Evans blue for plasma volume, 4-118 
Evaporation of water for heat loss, 

9-130 

Evoked potentials, cortical, 9-106 
Evolution of active transport, 1-24 
Evolution of blood, etc., 4-1 
Evolution of membranes, 1-16 
Evolution of plasma proteins. 4-4 
Exchange transfusion, 4-51 
Excitation-contraction couplmg, 1-95 
ff 

Excitation in retina, 8-89 
Excitation of muscle, 1-61 ff 
Excitation of nerve, 1-43 
Excitatory postsynaptic potential 
(EPSP) 


and chloride ions, 9-78 
in spinal reflexes, 9-76 ff 
origin and significance, 1-52 ff 
Exercise, hyperpnea during, 6-57 
Exocrine glands, control of, 9-53 ff 
Exocytosis 

as transport process, 1 6 
m anterior pituitary cells, 7-11 
Exogenous sources of amino acids, 
1-129 

Expeditions, high altitude, 6-65 
Expiration 
control ot, 6 41 ft 
movements of chest, 6-28 ft 
pressure changes, 6 34 ff 
pressure volume relations, 6-37 
volume changes, 6-30 tf 
Expiratory center 
location, 6-43 

recording activity from, 6-45 
Expiratory reserve volume, 6-31 
Extensor reflexes, decerebrate, 9-91 
Exteroceptors, 8-1 
Extracellular fluid, 4-113 
Extracellular vs intracellular 
4-110 

Extraocular muscles, 8-75 
Extrinsic factor m pernicious ane- 
mia, 4-37 

Eye (see also Visual system), 8 70 
anatomy of, 8-70 
optical properties, 8-66 ff 
Eye color, genetics of, 1 136 
Eye movement, 8-96 
from vestibular stimulation, 8-51 

F~actm, 1-65 

Facial nerve, autonomic outflow, 9-57 
Facial nerve (VII), 9 35 tf 
taste fibers m, 8-126 
Facial paralysis, 9 36 
Facilitated diffusion of glucose, 7 114 
Facilitation, neural, 9 4 
in spinal reflexes, 9 76 
Factors, official names 
m blood clotting, 4-75 
Facultative water reabsorption, 5- 19 
Fallot, tetralogy of, causes hypoxia, 6-77 
Fasting 

control of ketogenesis in, 7-140 
lipid metabolism m, 7-131 
water retention m, 4-116 
Fat, absorption of, 2-91 
Fat excreted in feces, 2-57 
Fat tissue, circulation at rest vs maxi- 
mum dilatation, 3 166 
Fatigue in cochlea, 8 21 
Fatty acid Co A, 7-128 
Fatty acid metabolism, 7 123 ff 
Fatty acid oxidation cycle, 1 132 
Fatty acid synthesis, 7-123 
Fatty acids 

affect initiation of peptide chains, 

7-153 

as insulin antagonists, 7-86 
hepatic ketogenesis from, 7-140 
m membrane structure, 1-16 
oxidation inhibits glycolysis, 7-120 
sources for hpid synthesis, 7 128 
stimulate gluconeogenesis, 7 1 36 
Fava beans and anemia, 4-29 
Fecal fat exoretion, 2-57 
Feces, composition of, 2-120 
Feces, defecation of, 2-119 
Feedback control 
of ACTH secretion, 7-61 
of anterior pituitaiy cells, 7-22 
of cochlear mechanics, 8-13 
of granulocytopoiesis, 4-70 
of hypothalamic secretion, 9-124 



of neurohumoral systems, 7 14 
of pyrimidine biosynthesis, 1-145 
of thyroid gland, 7-36 
vestibular, for movement, 8-40 
Feedback loop, 9-18 
Feeding (see also Fcwd intake) 

Feeding center, hypothalamic, 2-2 
Feeding reflexes, 2-3 
Fenestration for deafness, 8 34 
Fenn effect in muscle, 1-86 
Ferrihemoglobin (see Methemoglobin), 

4- 46 

Ferritin, 4 39 

Feta! circulation, defects related to 
hypoxia, 6-76 

Fetal hemoglobm dissociation curve, 
6-12 

Fetoplacental unit, 7-109 
Fetum, 4-6 

Fetus, blood flow in, 3-238 it 
Fever as set point change, 9-136 
FFA of plasma, 7-123 
Fibrin in blood clotting, 4-77 if 
Fibrinogen, 4-75 
as coagulant, 4-82 
conversion to fibrin, 4-77 
variations m plasma levels, 4-7 
Fibrmolysis, 4-77 
Fick method for measurement of 
blood flow, 3-158 ff 

Fick prmciple for renal blood flow, 

5- 15 

Filaments of muscle, 1-62 
Filling of stomach, 2-107 
Filtration, glomerular, 5-4 ff 
filtration fraction, 5-15 
measurement of rate, 5-4 ff 
of protein, 5-41 

First breath of newborn mfant, 6-40 
Fissures of cerebellum, 9-43 
Flagella and cilia, 1-13 
Flavoprotem enzymes m muscle, 1 102 
Flexion reflex, 9-70 ff 
Flicker fusion frequency, 8-1 10 
Flocculonodular lobe 
anatomy of, 9-46 
functions of, 9-98 
Fluoride ion in saliva, 2-23 
Fluoroscopy of stomach, 2-107 
Flux, transmembrane, 1-18 
Flux, unidirectional vs net, 1-25 
Folates prevent anemia, 4-38 
Folding protein theory, 1-72 
Folia, cerebellar, 9-45 
Follicle, ovarian, cycle of, 7-101 
Folhcie-stimuiating hormone (see also 
FSH) 

action on ovary, 7-102 
control of testis tubules, 7-99 
Food as source of water, 4-114 
Food mtake 
control of, 2-1 ff 
factor m energy balance, 9-127 
rhythmicity of control of, 9-103 
Foot, cutaneous blood flow m, 3-214 
Foramen ovale, patent 
causes hypoxia, 6-77 
Force in muscle contraction, 1-73 
Force-velocity relationship m muscle, 
1-84 

Form discrimmation, 8-108 
Formylation of amino acids, 1-179 
Fovea of retina, 8-73 
Fragility of RBC, 4-58 
Free water clearance, 5-22 
Freeze-etch technique, 1-4 
Freezmg of stored blood, 4-54 
Frequency coding, auditory, 8-27 
Frequency discrimination, 8-15 


Frequency discrimination threshold, 

8 32 

Frequency modulation, neural, 9 103 
Frequency of nerve impulses, sen- 
sory, 8 7 

Frequency of sounds, 8-11 
Frequency response of ear, 8-32 
Frequency selectivity, 8-28 
Frohhch’s syndrome, 2-2 
Frontal eye fields, 9-117 
Frontal lobe syndrome, 9-118 
FSM secretion 

control by steroid levels, 7-105 
Functional residual capacity of lung, 

6-31 

Fundic glands of stomach, 2 32 
Fundus of stomach, motility of, 2-104 
Fusion of cells, 1-193 


7 -Ammobutyric acid, 9-82 
as transmitter, summary of, 1-59 
y Efferent system, 9 84 
7 -Globulm, 4-7 
y Motor filers, 9-83 
m decerebrate state, 9-93 
G-actm, properties of, 1-65 
G6PD deficiency, in erythrocytes, 4 29 
Galactose absorption, 2-86 
Gallbladder 
anatomy of 2-72 
contractions of, 2-73 
emptying, 2 76 
functions of, 2-73 
Gallstones, 2-77 ff 
Galvam, Luigi, 9-9 
Ganglia, autonomic, 9-55 ff 
Ganglion (see also name of ganglion) 
Ganglion cells m retina, 8-74 
Gas (see name of specific gas) 

Gas bubble, P-V relation, 6-39 
Gas m mtestme, 2-120 
at high altitude, 6-67 
Gases, techniques for measuring, 6-7 ff 
Gases, theory and laws, 6-1 ff 
Gases, transport by blood (see Carbon 
dioxide transport. Oxygen trans- 
port) 

Gastrectomy for ulcer, 2 46 
Gastric (see also Stomach) 

Gastric distension 
and food mtake, 2 4 
and water mtake, 2-7 
Gastric emptymg, 2-108 
Gastric flilmg, 2-107 
Gastric flstula and food intake, 2-1 
Gastric juice, 2-35 ff 
Gastric motihty, 2-104 ff 
abnormalities of, 2-109 
types of contractions, 2 105 
Gastric pacemaker, 2-106 
Gastric peristalsis, 2-106 
Gastric secretion, 2-31 ff 
control of, 2-41 ff 
enzyme content, 2-37 
HCl and electrolytes, 2 36 
measurement of acidity, 2-47 
normal course of, 2-44 
phases of, 2-41 ff 
Gastric secretory capacity, 2-45 
Gastoc ulcer and HCl secretion, 2-45 
Gastrm, 2-15 

effect on gastric secretion, 2-42 ff 
m control of secretion, 2-41 
Gastrocnemius, white muscle, 1-109 
Gastrocolic reflex, 2-10 
Gastroduoden§l pressure cycle, 2-107 
Gastroileal reflex, 2-116 
Gastrointestinal (see also names of vis- 
cera, guts, etc ) 
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Gastrointestinal gas at high altitude, 
6 67 

Gastromtestmal tract, circulation at 
rest vs maximum vasodilatation, 

3 166 

Gastrone, 2-38 

Gay-Lussac’s law of gases, 6-2 
Gender recognition, 7-88 
Gender role, 7-94 
Gene activity, 1-187 
and nucleic acids, 1 158 
regulation of, 1-186 
Gene expression, 1-193 
Generation of neural signals, 9-16 
Generator potential, sensory. 8 6 
Genetic code, 1-175 ff 
Genetic organization of DNA, 1-162 
Genetic recombmation, 1-162 
Caenetic sex, 7-88 
Genetics of eye color, 1-137 
Geniculate bodies (see Lateral genicu 
late body) 

Geniculostnate bundle, 8-78 
(jemtal ducts, differentiation, 7 92 
(jlenital dystrophy, hypothalamic, 
9-167 

Genital sex differentiation, 7-92 
(^iemtaha, differentiation of, 7-93 
Genotype governs controls, 1-136 
Genotype vs phenotype, 1-137 
Geometric horopter, 8-120 
Giant edema, 4-5 
Gigantism, 7-143 

Glands (see also Endocrine glands. Exo- 
crine glands, or name of gland) 
salivary, 2 17 

Glands of small intestine, 2-79 
Glands of stomach, 2-31 
Gha cells 
functions of, 1-31 
varieties of, 9-16 ff 
Globm 

bilirubin binding, 2-65 
structure of, 4-42 
Globm variants, 4-45 
Globulins, immunoglobulins, 4 101 
Globus pallidus, 9-50 
effect of lesions, 9-100 
signs of lesion, 9-161 
Glomeruh, renal 
filtration in, 5-4 ff 
filtration of Na+, 5-24 
filtration of protein, 5 41 
measurement of filtration, 5-6 ff 
structure, 5-1 
Glomerulonephritis, 5-40 
edema m, 5-44 

Glomerulotubular balance, 5-12 
Glossopharyngeal nerve (IX), 9-37 
autonomic outflow, 9-57 
taste fibers m, 8-126 
to salivary glands, 2-20 
Glucagon 

as gastrointestinal hormone, 2 15 
biosynthesis of, 7-78 
chemical nature, 7-78 
control of secretion of, 7-76 ff 
Glucagon action 
in hepatic cells, 7-86 
mcreases cyclic AMP, 7-80 
increases gluconeogenesis, 7-136 
Glucocorticosteroids (see also Corti- 
sol, Corticosteroids) 
as insulin antagonists, 7-86 
biosynthesis of, 7-51 
control of synthesis, 7-60 
increase hpolysis, 7-130 
protem catabolic effect, 7-135 
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Gluconeogenesis 

in adipose tissue, 7-127 
irreversible steps, 7-132 
pathways and control, 7-132 
regulated by glucagon, 7-85 
Gluconeogenesis vs lipogenesis, 7-140 
Glucoreceptors, hypothalainic, 2-5 
Glucose 

intestinal absorption, 2-86 
precursor for lipid synthesis, 7-123 
stimulates msulm release, 7 79 
Glucose-activation unit, 7 112 
Glucose-6-phospliate dehydrogenase 
(see G6PD) 

Glucose tolerance test 

influence of growth hormone, 7-146 
oral vs intravenous, 7-81 
Glucose transport 

by facilitated diffusion, 7-114 
by renal tubules, 5-9 ff 
inhibited by growth hormone, 7-145 
passive, m muscle, 7-114 
Glucose utilization 
by erythrocytes, 4-29 
bv heart muscle, 7-121 
energy generation in muscle, 1-97 
energy yield of reactions, 1- 104 
Glucostatic hypothesis, 2-5 
Glucuronyl transferase, 2-66 
Glutamic acid as NH 2 donor, 1 134 
Giutamme and gout, 1-156 
Glutamine as source of NHa, 5-31 
Gluteal reflex, 9 165 
Glycermated muscle, 1-93 
Glycerol in fat absorption, 2-92 
Glyceroneogenesis, 7-127 
Glycine in bile salts, 2 62 
Glycogen homeostatic unit, 7-112 
Glycogen metabolism in muscle, 1 97 
Glycogen phosphorylase, 7-117 
Glycogen synthesis, 7-117 
Glycogenic ammo acids, 1-132 
Glycogenolysis 
and energy generation, 1-98 
regulated by glucagon, 7-85 
Glycolysis in erythrocytes, 4-29 
Glycolysis m muscle, 1-97 
control of, 7-112 

details of enzymatic processes, 1-99 ff 
irreversible steps, 7-132 
Glycolysis m nerve, 1 50 
Glycolytic unit, 7-112 
Glycoproteins of plasma, 4-4 
Glycosuria 
m acromegaly, 7 144 
renal, 5-46 
Goiter, 7-37 

Goldman equation, 1-36 
Golgi apparatus 
and pancreatic secretion, 2 55 
of anterior pituitary cells, 7-11 
of neurons, 1-29 
of thyroid gland, 7-29 
structure and function, 1-10 
Golgi tendon organs, 9-84 
Gonadal sex differentiation, 7-91 
Gonadotrophin release, cycles of, 7-94 
Gonadotrophm releasing factor, 7 19 
Gonadotrophs of anterior pituitary 
gland, 7-9 
Gout, 1-153 
Graded potential, 8-6 
Gradient, intestinal, 2-112 
Grand mal epilepsy 
clinical description, 9-171 
EEG pattern, 9-108 
Graft rejection, 4-98 
Graft vs. host reaction, 4-19 


Granulocyte turnover rate, 4-66 
Granulocytes, 4-62 ff 
circulating in blood, 4 67 
Granulocytic leukemia, 4 71 
Granulocytopoiesis, 4-64 ff 
from common stem cell, 4 18 
hazards of chemotherapy, 4 71 
Granulomatous disease of childhood, 
4 72 

Grasp reflex, decorticate, 9 94 
Grasping movements, 9-116 
Graves’ disease, 7-40 
Gravity on otoliths, 8 49 
Gravity, zero 
adaptation to, 8-54 
test for vestibular function, 8 49 
GEF (Growth hormone releasing factor), 
7-19 
Growth 

abnormalities of, 7 143 
affected by thyroid hormone, 7-38 
cellular processes of, 7-146 
hormonal control of, 7-143 ff 
stimulated by androgen, 7 99 
Growth hormone (GH) 
amino acid sequence, 7 144 
as insulin antagonist, 7-86 
chemical nature, 7-143 
localization in cells, 7 12 
standard curve, assay of, 7 4 
Growth hormone action, 7-11^ 
increases glucose output from liver, 
7-135 

increases 1 1 polys is, 7 130 
like insulin action, 7-144 
mobilizes lipid, 7 146 
on glucose transport, 7 145 
Growth hormone releasing factor 
(GRF), 7 19 

Growth rate in hemopoiesis, 4-15 
Guanine, 1 142 
Guanylic acid, I 149 
Gustatory nucleus, 9 38 

Habituation, vestibular, 8-54 ff 
Hair cells 
auditory, 8-21 
for touch, 8-150 
of saccule, 8 46 
of utricle, 8-44 
vestibular, 8 42 
Haldane method 
gas mixtures analysis, 6 7 
sampling of alveolar air, 6-4 
Hand, cutaneous blood flow in, 3-214 
Haptoglobins, 4 6 
Hashimoti’s disease, 7 41 
Head, Sir Henry, and aphasias, 9 149 
Hearing, 8-10 ff 
cortical localization of, 9- 120 
Hearing aids, 8-39 
Hearing and speech, 8-29 
Hearing, binaural, 8-28 
Hearing deficits, 8 38 
Heart {see also Myocardial, Myocar 
dmm) 

absolute refractory period, 5-53 
action potential, 3 52, 3-93 
adrenal medullary catecholamines m 
regulation of, 3-115 
anatomy, 3-25 

anxiety effect on volume output, 3- 1 18 
aortic coarctation effects on circula- 
tion of, 3-138 
arrhythmias, 3-75 ff 
atrial contraction, 3-104 
atnal fibrillation, 3 81 ff 
atrial flutter, 3-80 ff 
atnal systole, 3-103 
atrioventricular block, 3-86 


atrioventricular node, 1-56 
autoregulation, rate and rhythm ef 
fects on, ^-llO ff 

baroreceptor reflexes and venocon 
stnction, 3 180, 181 
blood circulation of, 3- HO tf 
blood supply to, 3-111 If 
blood volume during contracture, 3-98 
bypass procedures for blcKid flow, ^- 
154, 155 

calcium ion in excitation-contraction 
of, 3-36 ff 

cardiac cycle sequence, blOl ff 
cardiac massage, 3-151 
chemoreceptor reflexes, 3 181 182 
circulation in anemic states 3 138 
conductance velocity 1 51 
conduction system \ 54 
contraction force, 3-87, 88 
coronary artery collateral circulation, 
3-143 ff 

development of collateral circulation 
to, 3 143 
diastasis, 3 103 
dilatation, 3-43 

effective refractory period, 3 53 
electrophysiology, 3-18 ff 
embryonic differentiation of myocytes 
of, 3 35 

equilibrium in left and right chambers 
3 124 ft 

excitation contraction (ouphng, 1 16 
ft 

exercise effects on c irc ulation of, i 
141, 142 

extrasystoles, I 71 ii 
failure, 3-140 

glucagon efiect on regulation ol 1 116 
hypertension effec ts on c irc ulation c^f, 
3 141 

hypertrophv, i i\ 

hypothermic effects on tin ulation of, 
3-140 

impulse Conduction after iniury, 3 62 
inferior cardiac nerve, MH 
initiation of conductance impulse, 
3-57 

innervation of, 3-1 12, 113 
mternodal cxmduction of mipuhe, 3 55 
isovolu metric contraction, .3 101 
isovolumetnc relaxation, 3 10,3 
left ventnc le reflexes, 3- 185 
maximum ejection, 3 101 
measurement of output and work, 

3 116 tf 

mechanical activity, 3 86 ff 
middle cardiac nerve, 3 113 
muscle 'r tubules, compared with 
skeletal, 3 32 

myocardial bundles of, 3 27 
myocardial capillary circulation, 3 130 
myocardial cells of, 3 28 
myocardial tension, 3 HO 
myofilaments, 3-29 U 
nerves of, 3 113 ‘ 

nervous stimulation of bkwd flow m, 
3-139 

oxygen metaboham, 3-130 
pacemaker cells, 3-2B 
pacemaker potential, 3-53 
paroxysmal tachycardia, 3 79 
percentage distribution of blood from, 
3-2 

phasic irregularity, 3-85 

posture effect on volume output, 3-118 

premature contractions, 3-77 

protodiastole, 3-102 

pulsus altemans, 3-84 

pump action of, 3-98 ff 

rapid filling, 3-103 



reduced ejection, 3-102 

reduced tilling, 3 103 

reflex effect on vasomotor tone, 3 184 

regulation of, 3 110 ft 

relative refractory period, 3-53 

resting potential, 3-52 

RNA m hypertrophy of, 3 46 

sarcoplasmic reticulum, 3-31 

sinoatrial block, 3-85 

sinoatrial node, 3 55 

sinus arrythmia, 3-84 

sinus bradycardia, 3-85 

sounds, 3-107 ft 

spread of excitation impulse, 3-57, 58 
stimulation of collateral circulation to, 
3-145 tf 

stress state response of, 3-136, 137 
superior cardiac nerve 3-113 
tachycardia, 3 137 

temperature effect on autoregulation, 

3 112 

threshold potential, 3-50 
transfusion effects on circulation of, 

3 137 

transmembrane potential, 3 48 ff 
vagus nerve regulation of, 3-114 
valves, movement during cardiac cy 
cle 3-105 ff 

valvular defect effects on circulation, 
3-140 

venoconstnction, ^3-180, 181 
ventricular fibrillation, 3-83 
volume output, 3-118 ff 
weight, percentage of body weight, 
3-26 

work of, and glucose utilization, 7-121 
work of, effect on glucose entry, 7 116 
work, power, and efficiency, .3 % ff 
workload in hypertrophy, ,3 46 
Heart defects, cause hypoxia, 6 77 
Heart rate 

aortic and atnal pressure, .3 11 
at high altitude, 6-67 
blood loss effect on, 3-186 
cardiac reserve m, .3-129 
carotid sinus pressure, ,3-10 
chemoreflex control of, 3-185 
comparison of, during rest and exer- 
cise, 3-117 

determination of steady state, 3-9 
exercise and excitement effects on, 
3-119 ff 

nervous control of, 3-112 
relation to carotid sinus pressure, 3-9 
stress state effect on, 3-136 
ventricular output control, .3 U 
Heart ribosomes, control of aggrega- 
tion of, 7-154 
Heartburn, 2-104 
Heat edema, 4 89 
Heat loss, control of, 9-129 
Heat of recovery in muscle, 1-87 
Heat production 

and temperature regulation, 9-131 
by nerve fibers, 1-61 
m skeletal muscle, 1-85 
Heavy meromyosm (HMM), 1-67 
Heavy water (see Deuterium oxide), 

2-84 

Helium m Oj therapy, 6-82 
Helix of myosm, 1-67 
Hematunas, 5-40 ff 
Heme-heme interaction, 4-^3 
Heme synthesis, 4-41 
Heme synthetase, 4-42 
Hemiplegia, levels of, 9-162 
Hemiplegia, spastic, 9-116 
Hemisection of spmal cord, 9-25 
Hemochromatosis, 4-40 
Hemof^ometer, 4-32 


Hemodynamics, 3 22 
Hemoglobin, 4-41 ff 
abnormal, 6-12 
as buffer for H+, 4-105 
binding to organic phosphates, 4 44 
binding with oxygen, 4-43 
changes at high altitude, 6-66 
component chains, 4 42 
effect on erythropoiesis 4-23 
fetal, 6 12 

filtered m glomeruli, 5 4 
hemes and O2 transport, 6 17 
in cyanosis, 6-79 
isohydnc shift, 6 17 
oxygen capacity of, 6-6 
Hemogiohm and bile pigments, 2-65 
Hemoglobm degradation, 4-35 
Hemogiohm derivatives, 4 46 
Hemoglobm variants, 4-36 ff 
and globin variants, 4-45 
component chains of, 4 42 
in sickle cell anemia, 4 37 
Hemoglobinopathies, 4-45 
Hemoglobmurias, 4-59 
Hemolysis, 4 57 
and jaundice, 2 67 
and suspension stability, 4-57 ff 
in stored blood, 4 55 
in VIVO, 4-59 

normal and abnormal, 4-34 
Hemolysis vs hemopoiesis, 4-, 36 
Hemolytic anemia and G6PD, 4 29 
Hemolytic disease of newborn, 4-51 
Hemophilia, 4-79 

deficiency of blood clotting, 4-76 
Hemopoiesis, 4-10 ff 
Hemopoiesis vs hemolysis, 4-, 36 
Hemorrhage 

causes vasopressin release, 7-26 
hemostasis following, 4 73 
physiological changes following, 4 120 
water and electrolyte movements, 
4-117 

Hemostasis, 4 73 ff 
Henderson-Hasselbalch equation 
and COi transport, 6-6 
and m urine, 5-28 
and plasma buffers, 4-104 
calculations from, 4 1 12 
for ammo acid buffers, 1-118 
nomogram for, 4-111 
Heparin, 4-77 
clinical use, 4-82 

Hepatolenticular degeneration, 9-168 
ceruloplasmin deficiency, 4-6 
Hereditary orotic aciduria, 1-156 
Henng-Breuer reflex, 6-47 ff 
m pneumonia, 6-72 
Hernia, hiatal, 2-103 
Heteroplastic hemopoiesis, 4-13 
Heterozygous state, 1-136 
Hexokmase deficiency in RBC, 4-44 
Hexokinase in muscle, 7-117 
Hiatus hernia, 2-103 
Hierarchy of neural controls, 9-15 
High altitude 

acclimatization, 6-66 
and erythropoiesis, 4-26 
hypoxia, 6-65 

High pressure breathing, 6-83 
Hippunc acid excretion, 5-13 
Hiroshima nuclear bomb, 4-62 
His, bundle of, 3-56 
Histamine 

and mflammation, 4-64 
effect on cardiac output, 3-118 
effect on gastric secretion, 2-45 
relation to asthma, 6-73 
Bistocompabbility antigens, 4-100 
Histones as regulators, 1-193 
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Hodgkin-Huxley equivalent circuit, 

1-36 

Hodgkin-HuxIey theory of action po- 
tential, 1-48 ff 
Hoffinann's reflex, 9-87 
Hoiger-Nielsen resuscitation, 6 83 
Holoenzyme of polymerase, 1-170 
Homeostasis, 9-58 
of body fluids, 4-1 
of calcium, 7-42 ff 
of triglycerides, 7 126 
HOmoiothermic animals, 9-128 
Homoplastic hemopoiesis, 4-12 
Homozygous state, 1-136 
Hoppmg reactions, 9-114 
Horizontal cells of retina, 8 75 
Hormone secretion, 7-21 
Hormone-sensitive lipase, 7 129 
Hormone synthesis, 7-22 
Hormones, 7-1 

assay of concentrations, 7 3 
control hpid metabolism, 7-130 
control lipolysis, 7 130 
gastrointestinal, 2 15 ff 
general mechanisms of action, 7-5 
localization by immunohistochemical 
methods, 7-10 
synthesis vs release, 7 1 
Hormones m lactation, 7-109 
Hormones of pregnancy, 7-107 
Horopter, geometric, 8-120 
Horsley-CIarke technique, 9 5 
Human chorionic gonadotropin 
(HCG), 7-108 

Human voice m communication, 8-29 
Human vs animal sensory studies, 
8-4 

Hunger, 2-1 ff 

and insulin secretion, 7-84 
Hunger contractions, 2-4 
as type 13 waves, 2-105 
Huntmgton’s chorea, 9-170 
Hydrochloric acid 
in gastric juice, 2 36 
measurement of, 2-47 
mechanism of secretion, 2-38 
secretion by parietal cells, 2 34 
Hydrogen bond m base pairing, 1-151 
Hydrogen bonds m DNA, 1-124 
Hydrogen bonds in protein, 1 123 
Hydrogen ion activity 

and multiple factor theory, 6-56 
disturbances of regulation, 4-106 ff 
effect on Hgb-02 binding, 4-43 
effect on respiration, 6 56 
in extracellular fluids, 4-103 
in fluids of body, 4-104 
Hydrogen ions 

and acidification of urine, 5-27 
and signal generation, 9-16 
buffer systems, 4-104 
chemodetection, central, 6-47 
excretion and fixation of, 4-104 
torm NH4+ m kidney, 5-31 
metabolic sources of, 4-103 
secreted m stomach, 2-39 
sensitivity of central detectors, 6-53 
Hydrogen sulfide and hemoglobm, 
4-47 

Hydrolysis of triglyceride, 7-127 
Hydrophilic groups m membrane, 

1-15 

Hydrophilicity and diffusion, 1-19 
Hydrophobic bonds in protem, 1-125 
Hydrophobic groups m membrane, 

1-15 

Hydrostatic pressure m kidney, 5-6 
Hydroxy-ammo acids, 1-133 



u w y e 2-C 

17-Hydrosycorticosteroiiis, 7-55 
i-HydrozinopMhaiaziiie, renal blood 
flow effects of, 3-236 
Hyperactivity, hypollialaniic, 9-142 
HyperaWosteromsm, 7 10 
Hyperalgesia, 8-156 
Hyperbaric oxygen chamber, 6-22 
Hypercalcemia and caleitonin, 7-48 
Hypercapnia im asphyxia, 6-64 
Hypercortisolism, 7-66 
Hypermetropia, 8-69 
Hyperphagia, hypothalamic, 2-2 
and rage responses, 9-144 
Hyperplasia as growth process, 7-146 
Hyperpnea dnnng exercise, 6-57 
Hyperpolarization, neural, 1-38 
m retinal units, 8-88 
Hypersensitivity, delayed, 4-98 
Hypersexuality, 9-146 
Hypertension 

coronary blood flow m, 3-141 
in adrenal hyperplasia, 7-69 
m glomerulonephritis, 5-40 
in nephrosclerosis, 5-41 
Hyperthyroidism, 7-40 
Hypertonic fluids, 4-122 
injection of, 4-116 

Hypertrophy as growth process, 7-146 
Hyperuriceima m gout, 1-153 
Hyperventilation 
causes alkalosis, 4-109 
effect on alveolar air, 6-5 
Hypnotoxm, 9-142 
Hypochromic anemias, 4-32 
Hypogammaglobulmeima, 4-102 
Hypoglossal nerve, 9-38 
Hypoglycemia 

effect on food intake, 2-4 
effect on gastric secretion, 2-46 
stimulates GH secretion, 7-143 
stimulus for glucagon release, 7-80 
Hypophosphatemia, renal, 5-46 
Hypophysectomued animal, 7-60 
Hypophysectomy, 7-147 
medical, 7-23 

Hypophysis (see Pituitary gland) 
Hypoprotememia and edema, 5-44 
B}n[>oprothrombmeima, 4-80 
Hypothalamic island, 9-126 
Hypothalamic lesions, 9-167 
Hypothalamic-pituitary-adrenai 
axis, 7-61 ff 
Hypothalamus, 9-40 ff 
and sham rage, 9-144 
as neuroendocrine transducer, 9-124 
autonomic connections, 9-65 
control of anterior pituitary gland, 
7-13 ff 

control of energy balance, 9-127 
control of food intake, 2-2 
control of Leydig cells, 7-95 
control of pituitary-thyroid axis, 7-36 
control of vasoconstriction, 3-168 
control of water balance, 9-126 
control of water intake, 2-6 
effect on testis tubules, 7-99 
Frolich’s syndrome, 2-2 
negative feedback of sex steroids on, 
7-105 

neuroendocrine relations, 7-2 
nuclear groups, 9-41 
pathways and connections, 9-42 
regulation of body temperature, 9-131 
restraining mechanism, 9-144 
sex differentiation of, 7-93 
suppressor mechanism, 9-141 
thermal detection, 9-135 
thermal set point, 9-136 


Hypothyroidism, 7-41 

effect on numbers oi cells, 7 146 
Hypotonic fluids, 4-122 
Hypoxia, 6-63 ff 
and cyanosis, 6-80 
and DPG levels in RBC, 4-45 
and erythropoiesis, 4-25 
causes m pneumonia, 6 70 
effect on EEG 9-108 
summary of causes, 6-27 
Hypoxia, cardiac, and glucose utili 
zation, 7-121 

Hysteresis in ventilation, 6-38 

Idiopathic epilepsy, 9-171 
(7 globulin), 4-101 
IgM (macroglobulin), 4-101 
Ileal rhythmicity, 2-113 
Ileocecal valve, 2-116 
Ileus, paralytic, 2-115 
Illusion, oculogyral, 8-53 
Inmaiine response, 4-99 
in cell transplants, 4-19 
role of lymphocytes, 4-90 
theories of, 4-91 

Immunity, ceil mediated, 4-101 
Immunoglobulms, 4-101 

primary and secondary response, 4 90 
ImmunoWtocbemistry, 7-10 
Immunological deflcits, 4-102 
Immunological paralysis, 4-92 
Immunosuppression, 4-100 
Impedance of muscle membrane, 1-92 
Impedance of tympanic membrane, 
8-12 

Inactive vs active state of nerve, 1-51 
Incompatability, tissue, 4-19 
Incomplete dominance of genes, 1-137 
Index of mitosis, 4-14 
Inducer vs. repressor, 1-187 
Induction of enzymes, 1-187 
Infants 

anemia of, 4-32 
blood flow m, 3-238 
development of urinary continence, 
5-55 

immunological deficits, 4-101 
resuscitation, 6-85 
Infection and hemolysis, 4-60 
Inferior coUiculus, 8-26 
Inflammation 
and edema, 4-88 
effect of cortisol, 7-59 
granulocytes in, 4-64 
Information transmission 
m auditory system, 8-29 
m sensory systems, 8-1 
non-neural, 9-16 
via nerve impulses, 9-12 
Infrared absorption and odor, 8-143 
Infrared technique for COj , 6-8 
Inheritance 

of ABO blood groups, 4-50 
of anosmia, 8-141 
of color blindness, 8-117 
Inhibition, neural, 9-2 
from sensory stimuli, 8-8 
m cerebellum, 9-49 
m retina, 8-89 
mechanisms of, types, 1-55 
of stretch reflex, 9-73 
types of, mechanisms, 9-79 
Inhibition, noncompetitive, 1-20 
Inhibition of protein synthesis, 1-181 
Inhibition vs. repression, 1-145 
Inhibitors of RNA synthesis, 1-171 
Inhibitory mechamsm 
from cerebral cortex, 9-145 
m auditory system, 8-28 
m cochlea, 8-24 


Inhibitory poslsynaptsc potential 
(IPSP), 1 54 ff 
m spinal reflexes, 9-77 
Initiation of peptide chains, 1 179 
hormonal control of, 7 153 
Injury, protection from, 8-144 
Innervation 

of digestive tract, 2-8 ff 
of esophagus, 2-96 
of gastric galnds, 2-35 
of pancreas, 2 49 
of salivary glands, 2-19 ff 
of taste receptors, 8-123 
of vestibular system, 8 46 
Inosmic acid, 1-147 
Input-output analysis, 9-4 
Insensible perspiration, 4-115 
Insensible water loss, 4-114 
Insertion causes mutation, 1-185 
Inspiration 

control of, 6-41 ff 
movements of chest, 6 28 ff 
pressure changes, 6 34 ff 
pressure-volume relations, 6 37 
volume changes, 6-30 ff 
Inspiratory capacity of lung, 6 <11 
Inspiratory center, 6-43 
recording activity from, 6-45 
Inspiratory reserve volume, 6-c31 
Instructive theory of antibodies, 4-91 
Insulin 

A- and B-chains, 7-77 
chemical structure of, 7-76 
comparative physiology of, 7 76 
history of discovery of, 7-76 
rate of destruction, 7-82 
Insulin action 

and glucose entry in muscle, 7 116 
antihpolytic, 7-130 
evokes hunger, 7-84 
inhibits gluconeogenesis, 7-115 
inhibits protein degradation, 7- 148 
on cyclic AMP m fat cells, 7 129 
on gastric secretion, 2 46 
on initiation of peptide chains, 7-163 
on lipoprotein lipase, 7 128 
Insulin antagonists, 7-85 
Insulm binding 
on membranes, 7-81 
to antibodies, 7-86 
Insulin biosynthesis, 7-77 
Insulm deflciency, 7-87 
Insulm-glutathione transhydrogenase, 
7-82 

Insulm molecule, 1-184 
Insulm secretion, 7-76 fl 
Insulm turnover, 7-81 
Integrated control 
of CHO metabolism, 7-122 
of hpid metabolism, 7-130 
Integrative action, 9-4 
central computation m, 9-13 
for emotional expression, 9-144 
m regulations, 9-121 
m temperature regulation, 9-136 
Intelligence smd frontal lobes, 9-118 
Intensity of sounds, 8 11 
Interauricular septal defwit, causes 
hypoxia, 6-77 

Interconnections of basal ganglia, 

9-50 

Intercostal muscles, 6-29 
Intermodality effects, visual, 8-80 
Internal capsule 
anatomy of, 9-49 
components of, 9-51 ff 
signs of lesion, 9-161 
Intemuncial neurons, 9-2 
Interoceptors, 8-1 



Interpleural pressures, 6-38 
Interpleural (intrapleural) space, 
6-32 

Interstitial cell stimuiating hormone 
(see LH) 

Interstitial fluid, 4-85 
Interventricular septal defect, causes 
hypoxia, 6-76 

Intestinal absorption, 2-83 ff 
of carbohydrate, 2-86 
of electrolytes, 2 85 
of lat, 2-91 

ol protein and ammo acids, 2-89 
of vitamins, 2-93 
of water, 2 84 

transamination during, 2-90 
Intestinal gas, 2-120 
Intestinal obstruction, 2-115 
dehydration from, 4-116 
Intestinal pacemaker, 2-112 
Intestinal villi, 2-114 
Intestine, large, motility, 2-117 
Intestine, law of, 2-114 
Intestme, small 

disturbances of motility, 2-115 
motility of, 2-111 ff 
peristalsis, 2-113 
polar conduction, 2-115 
site of PTH action, 7-46 
Intestmo-intestinal reflex, 2-10 
Intracellular flmd, 4-113 
Intracellular vs extracellular H^, 
4-110 

Intracodon compensation, 1-185 
Intratboracic (interpleural) pressure, 
€-38 

Intrinsic factor m pernicious anemia, 

4-37 

Intrinsic muscles of eye, 8-71 
Intubation of intestme, 2-84 
Inulm clearance, renal, 5-6, 7 
test for renal function, 5-39 
Iodide transport, 7-31 
Iodide trapping, 7-30 

m non-thyroidal tissues, 7-30 
lodmation of tyrosine, 7-31 
Iodine 

deficiency of intake, 7-41 
m thyroid hormones, 7-29 
metabolic pathways, 7-31 
plasma levels of, 7-33 
protein-bound forms, 7-34 
lodme, radioactive 
in insulin assay, 7-76 
in radioimmunoassay, 7-4 
tests of thyroid function, 7-39 
lodotyrosme m thyroid, 7-32 
Ion distribution, cellular, 1-35 
Ionic currents m muscle, 1-92 
Ionic flux in EPSP, 1-53 
Ionic pumps and action potential, 
1-49 

Ionizing radiation 

effect on hemopoiesis, 4-10 
effect on immune response, 4-100 
effect on lymphocytes, 4-97 
suppression of bone marrow, 4-71 

Iron 

daily requirement, 4-39 
deposits in thalassemia, 4-36 
m heme synthesis, 4-42 
m hemoglobm-oxygen bmdmg, 4-43 
mtestinal absorption, 2-86 
radioactive, 4-26 
transport m plasma, 4-6 
Iron deficiency anemia, 4-32 
Iron metabolism, 4-39 
Isoantibodies and blood groups, 4-49 
Isocortex, cerebral, 9-104 
Isoelectric point of ammo acid, 1-119 


Isohydric shift of hemoglobm, 6-17 
Isometric contraction of muscle, 1-82 
Isoproterenol and /8 receptors, 9-64 
Isotonic contraction of muscle, 1-79 
Isotonic fluids, 4 122 
Itching, 8-157 

Jackson, J Hughlmgs, 9 15 
Jacksonian epilepsy, 9-171 
Jaundice 

hemolytic, 2-67 
nonhemolytic, 2-67 
Jaw jerk, 9 87 

Jejunal iron absorption, 4-39 
Jejimal rhythmicity, 2-113 
Jugular vem, venous pulse pattern, 
3-199 

Junction, esophagogastric, 2 102 
Junction potentials, 1-34 
Junctional complex m cells, 1-14 
Junctions, electrical, 1-60 
Junctions, tight, 1-14 
Juxtaglomerular apparatus, 5-25 
Juxtamedullary glomeruli, 5-1, 2 

Kallikrem in saliva, 2-24 
Kallikrem-kmm-kmmase system, 4 64 
Karyotype, lymphocyte 
female, 7-89 
male, 7-90 

Kent, accessory bundle of, 3-57 
Ketoacidosis, 7-87 
Ketogenesis, control of, 7-139 
Ketogenic ammo acids, 1 132 
Ketosis, 7-140 

Ketosteroids and androgens, 7-96 
17-Ketosteroids m urme, 7-65 
Kidney (see also Glomeruli, Tubules, 
and specific processes), 6-1 ff 
blood flow, 3-228 ff 
cell separation theory of blood flow in, 
3-233 

central blood volume effects on circu- 
lation in, 3-235 

circulation at rest vs maximum dilata- 
tion, 3-166 

cortex vs medullary blood flow, 3-231 
exercise effect on blood flow in, 3-235, 
236 

hypothermic effects on blood flow, 
3-237 

mtrarenal pressure theory of blood 
flow in, 3-233 

measurement of blood flow m, 3-160 
methods for measurement of blood 
flow m, 3-228 

myogenic control of blood pressure in, 
3-232 

nervous control of blood flow in, 3-234 
oxygen consumption and blood flow, 
3-237, 238 

postural effects on blood flow in, 3- 
235, 236 

sodium feedback theory of blood flow 
m, 3-233 

Kidney disease, 5-40 ff 
edema m, 4-88 
Kidney function, 5-1 ff 
abnormalities of, 5-38 ff 
acid-base balance, 5-27 ff 
effect of aldosterone, 7-59 
excretion of water, 5-17 ff 
filtration fraction, 5-16 
measurement of blood flow, 5-15 ff 
regulation of 4-106 
tests for abnormalities, 5-38 ff 
urea excretion, 5-34 fl 
Kidney secretes exythropoietm, 4-26 
Kidney structure, 5-1 
Kmase, pancreatic, 2-51 


INDEX 15 

Kinetics of hemopoiesis, 4-13 ff 
erythropoiesis, 4-22 
granulocytopoiesis, 4-65 
lymphocytopoiesis, 4-97 
Kinocilium 
auditory, 8-19 
vestibular, 8-42 

Kluver-Bucy syndrome, 9-145 
Knee jerk as reflex, 9-86 
Korotkoff method of auscultation, 3-150 
Krypton, coronary blood flow measure- 
ment, 3-161 
Kupffer cells, 2-60 

Labor, oxytocin in, 7 28 
Labyrmthme reflexes, 9-95 
m decerebrate state, 9-91 
Labyrmthme systems, 8-40 ff 
Labyrmthotomy, 8-61 
Lactate production 

and glucorleogenesis, 7 134 
effect on [H+], 4-106 
in anaerobic muscle, 7-113 
Lactogen, placental, 7-109 
Lactose operon, 1-188 
Landoit nng test, 8 107 
Landsteiner’s law of blood groups, 4-49 
LaPlace's law and bladder function, 5-52 
Large mtestme, nerve supply, 2-9 
Larynx m swallowmg, 2-98 
Late receptor potential, 8-86 
Latency relaxation of muscle, 1-82 
Latent heat of blood, 4-2 
Latent period of muscle, 1-79 
Lateral geniculate body 
color coding m, 8-91 
layers of, 8-77 

Lateral inhibition m retma, 8-88 
Lateral nuclei of thalamus, 9-39 
Lateralization 
m auditory system, 8-26 
in cerebral cortex, 9-119 
Law of intestme, 2-114 
Learning, 9-151 
and discnmmations, 9-154 
and memory, 9-157 
as recovery process, 9-7 
stages of, 9-158 
Lecithm m bde, 2-69 
Length-tension relation m muscle, 1-82 
Lengthening reaction, 9 92 
Lens 

aging of, 8-68 
properties of, 8-72 
Lentiform nucleus, 9-50 
Lesch-Nyhan syndrome, 1-155 
Lesions, neural (see also Deficits, neu- 
ral), 9-4 
Leukemia 

chemotherapy of, 4-19 
granulocytic, 4 71 
lymphocytic, 4-10 
Philadelphia chromosome, 4-19 
Leukocytosis mducmg factor, 4-67 
action on marrow, 4-71 
Levels of function, auditory, 8-27 
Levels of neural control, 9-15 
Leydig cells, 7-95 
LH (Luteinmng Hormone) 
action on ovary, 7-102 
control of Ley^g cells, 7-95 
m plasma, 7-16 
LH releasmg factor, 7-95 
LH secretion 

control by steroid levels, 7-105 
feedback control loops, 7-14 
m phases of ovarian cycle 7-105 
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Lieberkulm, crypts of, 2-79 
Life span of cells, 4-18 
erythrocytes, 4-30 
erythrocytes, stored, 4-54 
lymphocytes, 4-93 
Light, 8-63 ff 
Light adaptation, 8-104 
Light meromyosui (LMM), 1-67 
Lightning pams in tabes, 9-166 
Limbic system, 9-146 ft 
and orbitofrontal cerebral cortex 9-117 
autonomic connections, 9 65 
Linear period of isotonic contrac- 
tion, 1-84 

Lingual papillae, 8-123 
Lipase 
gastric, 2-38 
pancreatic, 2-52 

Lipase and gluconeogenesis, 7-138 
Lipase clearing factor, 7-128 
Lipases in iipolysis, 7-129 
Lipid (see also Fat, Fatty acids, Choles- 
terol) 

Lipid-Iipid interactions, m mem- 
branes, 1-1 
Lipid metabolism 
and corticosteroid actions, 7 57 
control of, 7-130 
Lipid solubility, 1-19 
Lipids in lymph, 4-85 
Lipogenesis, control of, 7-140 
Lipogenesis vs gluconeogenesis, 7-140 
Lipolysis 

affected by glucagon, 7 85 
regulation of, 7-129 
Lipoprotein lipase, 7-128 
Lipoprotems of plasma, 4-4 
Liver, 2-60 ff 
actions of glucagon, 7-85 
affected by drugs, 2 67 
bile secretion, 2-60 ft 
blood flow, 3 226 

circulation at rest vs maximum dila- 
tation, 3-166 

conjugation of thyroid hormones, 7-34 
control of gluconeogenesis m, 7-133 
control of ketogenesis in, 7-139 
m hemoglobin degradation, 4 35 
source of blood glucose, 7-83 
vascular resistance m, 3-226 
Liver cell components, 1-172 
Load, renal parameter, 5-9 
Lobar pneumonia, 6-69 
Lobe (see name of lobe) 

Local contraction of muscle, 1 71 
Local excitatory state <LES) 
as excitation process, 9-13 
m stimulation of nerve, 1 39 
Localization, neural 
of cerebral motor control, 9-112 
of pain stimulus, 8-155 
of sound stimulus, 8-33 
of speech, cortical, 9-120 
of touch stimulus, 8-161 
Locomotor ataxia, 9-165 
Loewi, Otto, 9-59 
Long-acting thyroid stimulator 
(LATS), 7-40 

Longitudinal fasciculus (medial), 9-29 
Loudness contours, equal, 8-32 
Loudness of sound, 8-33 
Loven reflex, 3-180 
Lower motor neurons, 9-161 
LTH sccaretion, control of, 7-15 
Luminance thresholds, 8-103 
Lung 

alveolar air, 6-4 
alveolar gas exchange, 6-13 


blood pressure and flow regulation, 
3-204 

compliance, 6-31 

exercise effects on circulation in, 3 
208 

fetal blood flow m, 2 239 
gas diffusion m, 6-4 ff 
gas exchange schema, 6-22 
hysteresis in pressure-volume, 6-39 
in pneumonia, 6-70 
mechanoreceptors, 6-48 
phasic blood flow, 3-206 
physical model of alveoli, 6-39 
pressure pulse in circulation, 3-206 
pressure-volume relation, 6-32 
pulmonary vessel reflexes, 1-184 
respiratory effects on blood pressure 
and flow, 3 207 

sheet flow concept of circulation in, 

3 207 

surface activity, 6-38 ff 
vascular blood flow resistance in, 

3- 205 

vascular waterfall concept of circula- 
tion, 3 207 

vasomotor control of circulation in, 3 
209 

Lung volumes, 6-30 
changes in asthma, 6 72 
changes in emphysema, 6-74 
changes m pneumonia, 6 71 
eftect of pressures upon, 6-31 
measurement of subdivisions 6 31 
Lupus erythematosus of kidney, 5-40 
Lufem, ovarian, 7-102 
Luteinizing hormone (see LH) 
Luteotropic hormone (LTH), 7-15 
Lymph, 4-3 

and fat absorption, 2-92 
composition of, 4-85 ff 
from salivary glands, 2-20 
lymphycyte content, 4-95 
production and flow rates, 4 86 
Lymph nodes 
and lymph flow, 4 84 
migration of lymphocytes, 4 97 
Lymphatic, cannulation of, 4 97* 
Lymphatic obstruction and edema, 

4- 89 

Lymphatic system, 4-83 ff 
Lymphocyte flow, 4 99 
Lymphocyte karyotypes, 7-89 ff 
Lymphocyte pool, 4-97 
Lymphocyte transforming factor, 4-98 
Lymphocytes, 4-92 ff 
circulation and migration, 4-96 
role in immune response, 4-100 
Lymphocytic leukemia, 4-10 
Lymphocytopoiesis, 4-93 
Lymphoreticular system, 4-90 ff 
Lymphotoxin, 4-99 
Lysosomes 
as cell organelles, 1-10 
degrade protein, 7-148 
of granulocytes, 4-62 
Lysozyme 
in gastric juice, 2-38 
m saliva, 2-24 

M, N and P antigens,, 4-51 
Macrocytic anemias, 4-33 
Macromolecules and pmocytosis, 1-25 
Macula adherens, 1-14 
Magenstrasse, 2-107 
Magnesium ions 

and ATPase activity of myosin, 1-93 
and phosphorylase system, 7-119 
Malate cycle m lipogenesis, 7-126 
Malate in gluconeogenesis, 7-133 
Male estrogen secretion, 7-101 


Malnutrition causes edema, 4 89 
Maltose, absorption of, 2-88 
Mammary glands, 7 109 ff 
Mammary myoepithelial cells, 7 28 
March hemoglobinuria, 4-59 
Marrow transplantation, 4 18 
and lymphocytopoiesis, 4-95 
Masking of sounds, 8- 12 
Mastication, 2-95 
Maturity-onset diabetes, 7-87 
Maximal tension in muscle, 1-83 
Maze learning, 9-155 
Mechanoreceptors (see also Barore- 
ceptors) 
for touch, 8 148 
in lung, 6 48 

medial forebram bundle, 9-42 
Media! longitudinal fasciculus, 9-29 
vestibular contribution to, 8 49 
Median eminence, hypothalamic, 7-13 
Medical hypophysectomy, 7-21 
Medulla (see also Adrenal medulla) 
Medulla oblongata, 9 30 ff 
autonomic centers, 9 65 
centers for regulations, 9-125 
neurons sensitive to COj, 6-46 
respiratory centers, 6 42 ff 
sleep, activating system, 9 140 
vomiting center, 2 ilO 
Megakaryocytopoiesis, 4-74 
Megaloblastic anemia, 4-37 
Meissner’s corpuscle, 8 146 
Melanin in substantia nigra, 9 10 1 
Melanocyte stimulating hormone (see 
MSH) 

Membrane binding m DNA replica- 
tion, 1-166 

Membrane, capillary 
permeability of, 4-85 
variations in permeability, 4-87 
water, electrolyte exchange, 4 122 
Membrane, cell 
composition ot, 1-1 
electrical properties, 1 15 
of erythrocyte, 4-27 
permeability to urea, 5 35 
structure of, 1-15 
unit of, 1-3 

Membrane models, 1-16 
Membrane of mitochondrion, 1-U 
Membrane of nucleus, 1 7 
Membrane permeability 
and hormone secretion, 7-21 
and water movement, 1 28 
changes during nerve impulse, 1-49 
hormonal control, 7-5 
mathematics of, 1-18 
to steroid hormones, 7-5 
Membrane potential (see also Poten- 
tials, electrical, Potentials, eiec- 
trotonic), 1-34 ft 
gastric glands, 2-36 
in salivary glands, 2-28 
Membrane receptor sites 
for female steroid hormones, 7-107 
for insulin, 7-82 
Membrane transport 
and membrane structure, 1-4 
mathematics of, 1-17 ff 
of ammo acids, 1-139 
of glucose m muscle, 7-112 
Membranes 
cochlear, 8-14 ff 
phylogenetics of, 1-26 
Memory, 9-157 ff 
after frontal lobectomy, 9-118 
chemical conelates, 9-159 
stages of, 9-158 
Memory trace, 9-157 
Meiuhre’s disease, 8-61 



Menstrual cycle, 7 101 
Mercurial diuretics, 5-15 
Merkel’s disc, 8-147 
Meromyosins, 1-67, 3 33 
cross-bridges of, 1-73 
Mesencephalic root of nerve V, 9-35 
Mesencephalon, 9-21 
structure of, 9-31 
Mesentary, blood flow m, 3-224 
Messenger RNA, 1 172 
and immune response, 4 91 
and nucleolar function, 1-6 
in control of protein synthesis, 7-149 
m granulocytopoiesis, 4-69 
in synthesis of plasma proteins, 4 7 
regulated by steroids, 7 7 
translation of, 1 179 
turnover of, 7-149 

Metabolic inhibitors in nerve, 1-50 
Metabolic rate 

affects lymph flow, 4-88 
and thyroid function, 7-38 
daily turnover of substance, 6 70 
dyspnea when increased, 6-61 
effect of temperature, 9 13 3 
effect upon respiratory exchange, 6-19 
Metabolic regulation, 7-112 
Metabolism m muscle, 1-112 
Metabolism of amino acids, 1-131 ff 
Metamorphosis and thyroxin, 7 38 
Metencephalon, 9-21 
structure of, 9-31 
Methemogiofom 

concentration in blood, 4-46 
feme iron m, 4-4 1 
relation to cyanide poisoning, 6-78 
3-O-methyl glucose transport, 7-115 
Methylene blue for HCN poisonmg, 

6 78 

Micelle model of membrane, 1 16 
Micelles in fat absorption, 2 91 
Micelles of bile salts, 2-63 
Microcirculation of RBC, 4-61 
Microcytic anemias, 4-32 
Microelectrode techniques, 9 10 
Microelectrodes (see also Single unit 
analysis) 

for stimulation of muscle, 1-71 
m study of salivary glands, 2-28 
Microfilaments, 1-14 
Microglia, 1-31 

Microphonic potentials, cochlear, 

8-20 

Micropuncture technique 

and water excretion, 5 19 
for glucose transport, 5-10, 11 
for study of kidney, 5-3 
Microsomes, 1-8 

Microspectral densitometry, 8-82 
Microtubules, 1-13 
Micturition, 5 54, 55 
Midbrain, autonomic outflow, 9-57 
Middle ear mechanisms, 8-13 
Midline nuclei of thalamus, 9-39 
Migration inhibitory factor, 4-98 
Milk ejection or let-down, 7-111 
Milk ejection reflex, 7-27 
Milk synthesis, 7-109 
Mineralocorticoid (see Aldosterone) 
Mimature end plate potentials, 9-13 
Mmimum detectable acuity, 8-106 
Mmimum energy for vision, 8-85 
Mmimum separable acmty, 8-106 
Mmute volume, respiratory, 6-52 ff 
Mitochondria, 1-11 
active transport of ions, 1-24 
and thyroid hormone action, 7-39 
electron micrograph of, 1-9 
enzyme reactions m muscle cells, 
1-103 


functional states of, 1-12 
in gluconeogenesis, 7 132 
m iipid synthesis, 7-124 
of muscle cells, 1-65 
of nerve fiber, 1-29 
Mitochondrial membranes, 1-104 
Mitoses in erythropoiesis, 4-22 
Mitoses in granulocytopoiesis, 4 66 
Mitoses, index of, 4-14 
Model of DNA, 1-161 
Models of base pairs, 1-152 
Modern theory of renal function, 5 3 
Molecular disease, 1 136 
Molecular size and diflusion, 1-19 
Monkey, cerebral cortical opera- 
tions, 9-114 

Monoamme oxidase, 7 72 
in autonomic system, 9 63 
Monochromats, 8-115 
Monocular depth perception, 8-118 
Monogiyceride shunt, 2-92 
Monoglycerides, absorption, 2 91 
Monomers of cells, 1 1 
Monosynaptic reflex, 9-1 
direct inhibition of, 1 55 
inhibition of, 9 80 

properties and significance, 9-75 ff 
Morphine on gut motility, 2-119 
Mossy fibers of cerebellum, 9-45 
Motility of gut 
colonic, 2 117 

colonic, abnormalities, 2-120 
esophageal, 2-100 
esophageal, disturbances, 2-102 
gastric, 2-104 ff 
gastric, abnormalities, 2 109 
intestinal, 2-111 ff 
intestinal, disturbances, 2 115 
Motion sickness, 2 110 
and cerebellar nodule, 9 98 
and vestibular system, 8 59 
Motivation and food intake, 2 3 
Motor cortex, precentral, 9-89 
Motor end plate, 9-67 
Motor mechanisms, cortical, 9-112 ff 
Motor nerve endings, 1-111 
Motor nerves to muscle, 1-89 
Motor nerves, types, 9-74 
Motor neuron pool, 9 71 
Motor neurons, location, 9-66 
Motor pathways in CNS, 9-27 ff 
Motor unit, 1-80 
numbers of fibers, 1-105 
Mountam climbmg expeditions, 6-65 
Mouth, movements, 2-95 
Mouth-to-mouth resuscitation, 6-83 
Movement, 9-96 ff 
Movement and lymph flow, 4-88 
Movement, associated, automatic, 
9-100 

Movement from muscle contraction, 

1-108 

Movement, voluntary 
and basal ganglia, 9-100 
and cerebellum, 9-97 
and vestibular function, 8-40 
as rhythmic phenomenon, 9-103 
control of, 9-96 ff 
Movements of eye, 8-75 
types, and control, 8-96 
Moving-fork mechanism, for DNA, 
1-163 

MSH molecule, 7-60 

MSHvs ACTH, 7-61 

Mucus in bile, 2-73 

Mucus m colon, 2-82 

Mucus in saliva, 2-18 

Mucus m stomach, 2-38 

Mullerian duct, differentiation, 7-92 

Multiple allebsm, 1-137 


i W D E X 17 

Multiple factor theory, 6 56 
Multiple myeloma, 4 101 
Multiple sclerosis, 9-170 
Multiplier effect of releasing factors, 
7-18 

Multisynaptic reflexes, 9 75 
Muscle, cardiac, glucose utilization 
by, 7-121 

Muscle, cardiac vs skeletal, ribosome 
cycle, 7-155 

Muscle cells, ions of, 1 35 
Muscle, electron microscopy of, 1-63 
ff 

Muscle, mechanical properties, 1-79 
ff 

Muscle, red vs white, 9-90 
comparative physiology of, 1 109 
Muscle, skeletal, 1-61 ff 

aggregation of ribosomes, 7 154 
CHO metabolism, 7-112 ff 
control of, 9-66 ff 
differentiation of fibers, 1111 
energy generation, 1 96 
excitation-contraction coupling, 1 95 
ff 

Fenn effect, 1-86 

gluconeogenesis during exercise, 
7 134 

growth m adolescence, 7-146 
m control of blood glucose, 7 83 
models of electrical properties, 1 91 
organization of function, 1-106 
proteins after denervation, 7-147 
speed vs histology, 1-109 
theories of contraction, 1 72 ff 
tone of, 9-89 

twitch vs slow fibers, 1 110 
work-induced growth, 7 147 
Muscle, skeletal vs cardiac, carbo- 
hydrate metabolism of, 7-122 
Muscle, smooth 
control of, 9-53 ff 
intrinsic, of eye, 8-67 ft 
Muscle, smooth vs skeletal, 1-83 
Muscle spindles, 9-82 ff 
Muscle, tibiahs anticus, 9-71 
Muscles, extraocular, 8-75 
Muscles of deglutition, 2-96 
Muscles of respiration, 6 28 ff 
control of activity, 6-49 
Muscles of urmary tract, 5-48 ff 
Muscuiaris mucosae, intestinal, 2-114 
Mutation 

in molecular disease, 1-138 
molecular basis of, 1-183 

Myelencephalon, 9-21 
Myelm, 1-32 
Myelm sheath, 1 30 
Myelinated fibers, autonomic, 9-55 
Myelocytes m granulocytopoiesis, 
4-65 

Myeloma, multiple, 4-101 
Myenteric plexus, 2-8 
Myenteric reflex, 2-114 
Myocardial cells 

automaticity of impulse, 3-54 
cardiac hypertrophy, 3-45 
conductivity, 3-35 
contraction of, 3-35 
depolarization m electrocardiography, 
3-58 

embryonic development of, 3 33, 34 
excitability of impulse, 3-54 
excitation-contraction coupling, 3-45 
regeneration of, 3 43 
repolanzation in electrocardiography, 
3-58 
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Myocardial uifarctiois, electrocardio- 
gram, 3-73 

Mycfcardial sarcomere, 3-28 ff 
A band, 3-30 ff 

calcium ion storage and release, 3-36 
ff 

compared with skeletal muscle, 3 31, 
32 

desmosomes, 3-31 
fascia adherens of, 3-31 
in cardiac dilatation, 3-43 
macula adherens of, 3-31 
mitochondria of, 3-31 
Z line, 3-30 
Myocardium 

actm concentration m, 3-32 
anatomy, 3-29 
anoxia effects on, 3-131 
basal state oxygen consumption, 3-131 
circulation at rest vs maximum vaso- 
dilatation, 3-166 

compensated blood flow in ischemia, 
3-145 

contractile active state, 3-39 
contraction, compared with skeletal 
muscle, 3 36 

contraction force, 3-87, 88 
depolarization in electrocardiography, 
3-58, 59 

energy sources compared with skele 
tal muscle, 3-42 
intercalated discs, 3-31 
mechanochemical coupling, 3 42 
metabolism of, 3-41, 3-135 
myosm concentration in, 3-32 
oxygen consumption in, 3-39, 3 135, 
136 

P cells, 3-28 
Purkinje cells, 3-28 
repolanzation m electrocardiography, 
3 60 

transitional cells, 3-28 
tropomyosin concentration m, 3-32 
Myoepithelial cells 
mammary, 7-28 
salivary, 2-18 
Myofibrils, 1-68 
Myofilaments, 3-29 ff 
Myoglobm and blood flow, 1-112 
Myoglobm vs hemoglobin, 4-47 
Myopia, 8-68 
Myosin, 1-67 

arrangement in sarcomere, 3-30 
concentration in myocardium, 3-32 
mteraction with tropomyosin and tro 
ponin, 3-38 

Myosm filament model, 1-77 
Myosm molecules, 1-73 
Myotatic reflex, 9-72 ff 
and tone of muscle, 9-90 
inverse, 9-85 
Myotomes, 9-23 

Nagasaki nuclear bomb, 4-62 
Narcolepsy, 9-167 
Narcosis, nitrogen, 6-83 
Natural rightmg, 9-98 
Nausea, 2-13 ff 
Neck reflexes, 9-95 
in decerebrate state, 9-91 
Negative control by operon, 1-189 
Negative feedback 
neuroendocrine, 9-124 
of sex steroids on pituitary gland, 
7-105 

Negative stammg of muscle, 1-74 
Neocerebellum, 9-47 
Neonate, blood flow m, 3-238 
Neopallium, 9-104 


Nepbrogemc diabetes msipidus, 5 46 
Nephron, unit of kidney, 5-1 
Nephrosclerosis, arteriolar, 5-41 
Nephrotic syndrome, 5-40 
Nemst equation 
for concentration cell, 1-33 
for transraembrane potential, 1-35 
Nerve (see name of nerve) 

Nerve cell (see Neuron), 9-2 
Nerve deafness, 8-34 
Nerve endmgs 
for touch, 8-145 
m cochlea, 8-24 
m muscle spmdles, 9-85 
on twitch vs slow fibers, 1-111 
Nerve fibers, 1-37 ff 
all or-none principle, 1-43 
classification and properties, 1-41 
classification of, 9-74 
compound action potential, 1-41 
degeneration and regeneration, 1-31 
diameter vs conduction speed, 1-42 
distribution in retina, 8-73 
from vestibule, 8-47 
general description, 1-30 
intermediary metabolism, 1-50 
maturity vs conduction speed, 1 42 
refractory periods of, 1 45 
Nerve impulse, 1-29 ff 
comparative physiology of velocity, 
1-43 

Nerve impulses 
from retinal units, 8-89 
from sensory stimuli, 8-7 
patterning of, 9-12 
recording techniques, 9-10 
Nerve roots, spinal, 9-23 
Nervus mtermedius of Wrisberg, 9-35 
Net vs umdirectional flux, 1-25 
Neural circuits, 9-102 
Neural coding, sensory, 8-9 
Neural control (see Control, neural) 
Neural crest, 9-20 
Neural deficits (see Deficits, neural) 
Neural pathways 
pam, 8-157 
touch, 8-151 

Neural response, sensory, 8-6 
Neural signals, coding, 9-12 
Neural tracts of CNS, 9-24 ff 
Neural tube, 9-20 
Neurilemma, 1-31 
Neuroendocrme relations, 7-2 
Neuroendocrine transduction, 9-124 
Neurofibrils, 1-29 
Neuroglia, 9-16 ff 
Neurohumoral control 
future studies of, 7-22 
of anterior pituitary gland, 7-13 ff 
Neurohypopl^sial disorders, 7-28 ff 
Neurohypopbysis, 7-24 ff 
ADH and water excretion, 5-18 
chemical structure of hormones, 7-26 
embryology of, 7-24 

Neurological disorders (see also Defi- 
cits, neural), 9-161 ff 
Neuroma, 1-32 

Neuromuscular transmission, 9-67 
Neuron doctnne, 9-68 
Neuron types, 9-2, 3 
Neuronal conditioning, 9-156 
Neurons, 1-29 
ions in, 1-35 
Neurosecretion 
by hypothalamus, 7-13 
in posterior pituitary gland, 7-24 
Neutropenia, congenital, 4-72 
Neutrophils of blood, 4-62 
Nissl bodies, 1-29 

Nitrites, effect on cardiac output, 3-118 


Nitrogen 

during oxygen therapy, 6-82 
from ammo acids, 1-131 
m dysbansm, 6-68 
partition in blood constituents, 4-8 
Nitrogen analyzer, 6-8 
Nitrogen balance, 1-134 
Nitrogen dilution method, 6-21 
Nitrogen narcosis, 6-83 
Nitrous oxide 

arteriovenous, measurement of car 
diac output, 3-159 

coronary blood flow measurement, 
3-161 

Nocturia, 5-42 

Nocturnal dyspnea, paroxysmal, 6-60 
Nocturnal hemogiobmuna, 4-60 
Nodes (see also Lymph nodes) 

Nodes of Ranvier, 1-31 
Nodule, cerebellar, 9-98 
Noeud vital (for respiration), 6-42 
Nomogram for H-H equation, 4-111 
Nomogram, Siggaard- Andersen, 4-112 
Noncompetitive mbibition, 1-20 
Nonhemolytic jaundice, 2-67 
Non-ionic diffusion, renal, 5-37 
Nonprotem nitrogen 
and renal dysfunction, 5-38 
normal and abnormal levels, 4 8 
Nonsense codons, 1-176 
Norepinephrine, 1-59 
as Acceleramstuffe, 9-60 
as autonomic transmitter, 9-62 
details of biosynthesis, 7-71 
distribution in CNS, 9 83 
m sleep deprivation, 9-143 
increase in coronary blood flow, 3-138 
renal blood flow effects of, 3 236 
Nuclear sex, 7-88 

Nucleated red cell precursors, 4-24 
Nuclei of cerebellum, 9-46 
Nuclei of muscle cells, 1-65 
Nucleic acid metabolism, 1-150 
hormonal control of, 7-143 
Nucleic acid replication, 1-6 
and female sex steroids, 7-107 
Nucleic acids (see also DNA, RNA) 
and gene activity, 1-158 
of plasma, 4-3 
turnover of, 1-151 
Nucleolus of cells, 1-6 
Nucleolus of neuron, 1-30 
Nucleosides, 1-142 
Nucleotides, 1-142 
as phosphorylated nucleosides, 1-142 
structure and nomenclature, 1-143 
synthetic, 1-175 

Nucleus, neural (see name of nucleus) 

Nucleus of cells, 1-6 ff 
Nucleus of neuron, 1-30 
Nystagmus, 8-55 

as test for vestibular function, 8 52 

3-0-methyl glucose transport, 7-115 
Obesity and food intake, 2-2 
Obesity, hypothalamic, 9-167 
Obligatory water reabsorption, 5-19 
Obstruction, mtestinal, 2-115 
Occipital cortex, visual, 8-80 
Occipital lobe, sensory function, 
9-111 

Occlusion, spmal, 9-70 
Oculogyral illusion 
m motion sickness, 8-59 
test of vestibular function, 8-53 
Oculomotor nerve (III), 9-32 
Odor (see also Olfaction), 8-134 ff 
Odor strength, 8-141 
Odorous materials, 8-133 
Oil film model membrane, 1-17 



Olfaction, 8-132 ff 
properties of stimuli, 8-133 
Olfactometer, 8-139 
Olfactory bulb, tract, 8-137 
Olfactory discrimination, 8-142 
Olfactory nerve, 9 32 
as fiber tract, 9-1 
Olfactory system 

central connections, 8-137 
components ot, 8 134 ff 
psychophysical study of, 8-139 
Olfactory thresholds, 8-139 
Olfactory vs hmhic systems, 9 146 
Oligodendrogiia, 1-31 
Oliguria, 5-43 
Olivocerebellar tract, 9-46 
Olivospmal tract (of Helweg), 9 29 
Operant conditioning, 9 153 
Operator genes, 1-187 
Operon theory, 1-187 
Oppenheim^s reflex:, 9 164 
Opponents processes, visual, 8-114 
Optic disc, 8 70 
Optic nerve, 9-32 
as fiber tract, 9-1 
Optic nerve and tract, 8 77 
Optical defects, 8-68 
Optics of eye, 8-66 ff 
Optokinetic nystagmus, 8-56 
Orbitofrontal region, cerebral cor- 
tex, 9-117 

Organ of Corti, 8-17 
Organelles of cells, 1-1 
diagram of relations, 1-10 
structure and types, 1-2 
Organic acids yield H+, 4-103 
Organification of iodide, 7-31 
Orienting responses, 8-57 
Orotic aciduria, hereditary, 1 156 
Orthodromic vs antidromic stimula- 
tion, 1-53 
Orthopnea, 6-60 

Oscillation of neural circuit, 9-102 
Osmium fixation for EM, 1-3 
Osmogram, 8-135 
Osmoreceptors, 9-126 
control vasopressin release, 7 25 
control water excretion, 5-18 
Osmosis, 1-27 

as adaptive mechanism, 1-28 
Osmotic diuresis, 5-26 
Osmotic fragility of RBC, 4-57 
Osmotic pressure (see also Pressure, 
osmotic), 5-6 

definition and measurement, 1-27 
Osteoclasts, 7-46 
Otoconia, 8-44 
Otolith organs, 8-44 
electrical response of, 8-69 
stimulated by gravity, 8-49 
Ottoson potential, 8-135 
Oval window, 8-14 
Ovanan compartments, 7-101 
Ovarian cycle, 7-101 ff 
Ovary, control of, 7-101 
Overshoot of action potential, 1-46 
Ovulation, 7-102 
Oxalacetate 
m gluconeogenesis, 7-132 
m hpid synthesis, 7-124 
Oxidation of amino acids, 1-132 
Oxidation, water from, 4-114 
Oxidative deamination, 1-132 
Oxidative phosphorylation 
and energy release m muscle, 1-102 
and thyroid hormones, 7-39 
Oximetry, 6-10 
Oxygen 

affinity of blood, 6-12 


arteriovenous utilization during 
exercise, 3-122 

binding with hemoglobin, 4 43 
blood flow and organ consumption of, 
3-123 

cerebral circulation response to, 3 212 
chemoreceptor effect on circulation, 
3-182 ff 

coefficient of utilization, 6 14 
content in blood (see also Dissocia- 
tion curve), 6-6 
diffusion in lungs, 6-4 
in measurement of cardiac output, 
3-158 

measurement m blood, 6 8 ff 
renal consumption and blood flow, 
3-237, 238 

resistance to diffusion in lung, 6 24 
Oxygen apnea, 6-82 
Oxygen capacity of Mood, 4-41 
at high altitude, 6-67 
in emphysema, 6-74 
Oxygen capacity of hemoglobin, 6 6 
Oxygen consumption 
and thyroid function, 7-38 
of nerve, 1-51 
of salivary glands, 2-21 
Oxygen debt in muscle, 1 112 
Oxygen diffusmg capacity, 6-24 ff 
Oxygen saturation of blood, 6-6 
at high altitude, 6-65 
in cyanosis, 6-79 
in emphysema, 6-74 
in hypoxia, 6-64 
in pneumonia, 6-69 
in presence of shunts, 6-76 
Oxygen tension 
and erythropoiesis, 4-26 
and multiple factor theory, 6-56 
at high altitude, 6-65 
Bohr integration for estimation, 6-25 
effect on respiration, 6 54 
in alveoli of lung, 6-22 
in blood, 6 5 

in hyperbanc chamber, 6 22 
in hypoxia, 6-64 
in lung capillaries, 6-13 
in oxygen therapy, 6 82 
in tissues, 6-18 
influence on breathing, 6 41 
Oxygen therapy, 6-81 
Oxygen toxicity, 6-82 
Oxygen transport in blood, 6-1 ff 
Oxyhemoglobm, Bohr integration for, 
6-25 

Oxyhemglobm dissociation curves, 6-11 
ff 

abnormal hemoglobins, 6-12 
effect of anemia, 6-15 
effect of CO, 6-15 
effect of CO a, 6-14 ff 
effect of H+, 6-14 
fetal blood, 6-12 

normal and shifted positions, 4-44 
of hemoglobin variants, 4-45 
Oxynntic cells of stomach, 2-32 
Oxytocin 

chemical structure of, 7-25 ff 
control of secretion, 7-27 
in childbirth, 7-28 
neurosecretion of, 7-24 

p-Aminohippunc acid (PAH) 
secretion by kidney, 6-14 
tests based on clearance, 5-39 
Pacemaker 
gastnc, 2-106 
mtestinal, 2-112 
Pain, 8-164 ff 
esophageal, 2-104 
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neural pathways for, 8-157 
referred, 2-11 

respiratory reflex from, 6-51 
response to, 8-156 
visceral, 2-11 ff 

Pairing, purine-pynimdine, 1-151 
Pancreas, exocrine, 2-49 ff 
tests of function, 2-57 
Pancreatectomy, 7-76 
Pancreatic cell, 1-9 
Pancreatic islets, 7-76 ff 
Pancreatic juice, 2-50 ff 
electrolyte content, 2-50 
enzymes, 2-51 

Pancreatic secretion, 2-53 ff 
control, 2-55 

neural vs humoral control, 2-57 
Pencreozymin, 2 15 
control ol pancreas, 2 56 
evokes insulin release, 7-80 
test of pancreatic function, 2-57 
Paneth ceils, intestinal, 2-80 
Papillae of tongue, 8 123 
Paradoxical cold sensation, 8-153 
Paradoxical sleep, 9-142 
Parahemophilia, 4 76 
Parallax m depth perception, 8-118 
Parallel elastic elements in muscle, 
1-65 

Paralysis agitans, 9-99 ff 
Paralytic ileus, 2-115 
Paralytic salivary secretion, 2-26 
Paraplegia, 9-162 
Parasympathetic control 
of gastric secretion, 2-35 
of pancreas, 2-56 
of salivary secretion, 2-27 
Parasympathetic ganglia, 9-55 
Parasympathetic nervous system, 9-53 
ff 

summary of functions, 9-59 
Parathormone (PTH) 
action in intestine, 7-46 
action on bone, 7 44 
chemical structure, 7-43 
vs calcitonin, 7-42 

Parathyroid hormone (see Parathor- 
mone, PTH) 

Parathyroidectomized animal, 7-44 
Paraventricular nuclei, 7-25 
Paravertebral gangha, 9-55 
Parietal cells of stomach, 2-33 
Parkinson’s disease, 9-99 ff 
clinical description, 9-169 
Parotid glands, 2-17 
Paroxysmal hemoglobmuna, 4-59 
Paroxysmal nocturnal dyspnea, 6-60 
Partial pressures ot gases, 6-3 
Patellar reflex, 9-72 
Patterning, neural, 9-12 
Patterns of sensory impulses, 8-7 
Pauling-Corey model of base pairs, 
1-152 

Pauling oxygen analyzer, 6-8 
Pavlov, Ivan, 9-151 
Peduncles, cerebellar, 9-46 ff 
Pelvic nerve, 9-58 
Pelvis, renal, 5-62 
Penetrance of genes, 1-137 
Penicillin, renal secretion, 5-13 
Pentose phosphate pathway, 7-126 
Pepsm m gastnc jmce, 2-37 
Pepsinogen cells of stomach, 2-31 
Peptidase, pancreatic, 2-52 
Peptide bond formation, 1-180 
Peptide bonds in protem, 1-121 
Peptide cham initiation, 1-179 
control of, 7-153 
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Peptide chain terminatioii, 1-181 
Peptide chains m ribosomes, 7-152 
Peptides 

absorption of, 2-90 
m protein synthesis, 7-148 
Perception of depth, 8 117 
Perception of rotation, 8-53 
Perceptual duration, visual, 8-112 
Pericardium, anatomy, 3-27 
Perilymph 

and sound transmission, 8-14 
electrolytes of, 8-18 
Periodic breathing, 6-58 
Periodicity in muscle fibers, 1-64 
Peristalsis 
esophageal, 2-100 
gastric, 2 106 

Peristalsis in small intestme, 2 113 
Permeability coefficient, 1-18 
Permeability of membrane 

change during nerve impulse, 1-49 
of muscle fiber, 1-93 
of nucleus, 1-7 
Permease, 1-139 
m sugar transport, 1-5 
Permcious anemia, 4-33 
and gastric secretion, 2-38 
pathogenesis, 4-37 

Peroxidase m thyroid gland, 7-32 
Peroxisomes and ER, 1-11 
Perspective, visual, 8-117 
Petit mal epilepsy, 9-171 
EEG pattern, 9-108 
Phage, RNA sequences, 1-178 
Phagocytosis hy granulocytes, 4-62 
Phantom limb, 9-167 
Pharyngeal peristalsis, 2-101 
Phases of gastric secretion, 2-41 tt 
Phases of ovarian cycle, 7 104 
Phenotype vs genotype, 1-137 
Phenylketonuria (PKU), 1-141 
Pheochromocytoma, 7-75 
Philadelphia chromosome in leuke- 
mia, 4-19 

Phillipson’s reflex, 9-73 
m decerebrate posture, 9 92 
Phloridzm, effect on blood glucose, 
7-83 

Phlorizm, and glucose transport m kid- 
ney (see also Phloridzm), 5-10 
Phosphate 

and acidification of urme, 5-30 
binding to hemoglobin, 4-44 
m renal dysfunction, 5-47 
PTH and exchange in bone, 7-45 
PTH and renal loss of, 7-45 
source of H"*", 4-103 
transport in kidney, 5-13 
Phosphate bond energy 
and fat absorption, 2-91 
and HCl secretion, 2-40 
and muscle contraction, 1-96 
Phosphate buffer system, 4-105 
Phosphate transport in plasma, 7-43 
Phosphaturia, 7-45 
Phosphocreatme in muscle, 1-96 
Phosphodiesterase 
in second messenger theory, 7-5 
relation to lipolysis, 7-129 
Phosphofructokinase, 7-120 
Phosphogluconate pathway, 4-28 
Phospholipids in membranes, 1-16 
Phosphorus of plasma, 4-2 
Phosphorylase, 7-118 
Phosphoxylases of muscle, 1-99 
Phosphorylation 

and energy release m muscle, 1-102 
and thyroid hormones, 7-39 


in activation of lipase 7-130 
in control ot lipogenesis, 7-141 
Phosphorylation of ADP, 1-95 
Phosphorylation of glucose 
blocked by growth hormone, 7-145 
m muscle, 7-116 
Photochemistry of vision, 8-81 
Photoelectric oximetry, 6-10 
Photometric units, 8-65 
Photons, 8-64 

Photopic curve of lummosity, 8-65 
Photopigments, 8-84 
Physics of sound, 8-10 
Physiological capacity of bladder, 
5-53 

Pigment of eye, 8-70 ff 
Pigpnentation m Wilson’s disease, 
9-169 

Pigmentation of skin and cyanosis, 
6 81 

Pigments of bile, 2-64 ff 
Pigments of cones, 8-82 
Pmocytosis, 1-25 
m blood capillaries, 4-83 
m intestinal absorption, 2-90 
Pitressm 

decrease m coronary blood flow, 3-139 
renal blood flow effects of, 3 236 
Pitmtary-adrenal axis, 7-61 ff 
Pituitary depletion assay, 7-16 
Pituitary gland (see also Adenohy- 
pophysis, Neurohypophysis) 
embryology of, 7 24 
Frohlich’s syndrome, 2-2 
hypothalamic connections, 9-41 
Pituitary-thyroid axis, 7-36 
Placenta 

blood flow in, 3-239 
development of, 7-107 
estrogen synthesis m, 7 110 
lactogen secretion, 7-109 
secretion of steroid hormones, 7-103 
thyrotropin secretion, 7 109 
Placing reactions, 9-113 
Planes of semicircular canals, 8-41 
Plantar reflexes, 9-164 
Plasma 

alkali reserve, 6-9 
calcium concentrations, 7-43 
composition of, 4-2 
phosphate concentrations, 7-43 
Plasma ammo acids 
affected by insulin, 7-84 
effect on growth hormone release, 
7-143 

Plasma cells, 4-94 

Plasma constituents (see also name of 
constituent) 
and renal function, 5-8 
m acid-base disturbances, 4 110 
Plasma cortisol, 7-53 
assay of, 7-53 

Plasma flow, renal, 5-15 ff 
Plasma iodine, 7-33 
Plasma protems, 4-3 
and edema formation, 4-88 
as buffer system, 4-105 
binding to testosterone, 7-97 
biosynthesis and dynamic state, 4-7 
osmotic pressure, species compari- 
son, 3-4 

variations in, 4-6 
Plasma steroid hormones, 7-103 
Plasminogen vs fiibrm, 4-77 
Platelet formation, 4-18 
Platelet transfusion, 4-74 
Platelet turnover rate, 4-74 
Platelets (see Blood platelet) 

Pleated sheet structure of protein, 
1-126 


Pneumonia 

lobar v& broncho-, 6-69 
oxygen therapy m, 6-81 
Pneumotaxic center, 6 45 
location, 6-42 
Pneumothorax 

effect on interpleural pressure, 6-38 
effect on mechanoreceptors, 6 48 
Poikilothermic animals, 9 128 
Poiseuille’s law, 3-23, 24 
Poisoning 

carbon monoxide, 6 78 
cyanide, 6-78 

Polar conduction m intestine, 2 115 
Polar properties of protein, 1-126 
Polarization pattern m saccule, 8-48 
Polarography for O 2 tension, 6-10 
Polycythemia, 6-80 
Polymerase 

for RNA synthesis, 1-171 
in synthesis of nucleotides, 1-150 
Polymerization of actins, 1-65 
Polymers m cells, 1-1 
Polypeptides 

assembly into protems, 1-181 
elongation of, 1-179 
Polyribosomes and mRNA, 1-182 
Polyuria, 5-42 
Pool, motor neuron, 9-71 
Pools of ammo acids, 1 131 
Pools of blood granulocytes, 4-67 
Pores m membrane 
and transport rate, 1 4 
of erythrocyte, 1-17 
Porphyrias, 4-47 
Porphyrm enzymes, 4 39 
Porphyrm of hemoglobin, 4-41 
Porphyrm synthesis, 4-41 
Porphyrms from hemoglobin degra- 
dation, 4-35 

Portal system, hypothalamico-hypo- 
physial, 7-13 

Position m space and vestibular func- 
tion, 8-40 

Positive control by operon, 1 189 
Positive pressure breathmg, 6-49 
Postcentral gyrus, 9-109 
Posterior lobe of cerebellum, 9-43 
Posterior lobe of pituitaxy gland (see 
also Neurophyophysis), 7-24 ff 
Posterior roots, spinal, 9 23 
Postganglionic fibers, 9-55 ff 
peripheral distribution, 9-56 
Postsynaptic inhibition, 9-79 
Post- translational controls of genes, 
1-192 

Postural reflexes, 9-95 ff 
Posture 

and stretch reflex, 9-72 
as rhythmic mechanism, 9-102 
control of, 9 88 ff 
Potassium current 

during action potential, 1-49 
transmembrane in muscle, 1-92 
Potassium depletion m alkalosis, 4- 
110 

Potassium equilibrium potential, 1-92 
Potassium ions 

active transport processes, 1-23 
affect secretion of H’*', 5-34 
aldosterone and tubular transport, 7- 
59 

and cochlear potentials, 8-22 
and Hodgkin-Huxley theory, 1-36 
and hormone secretion, 7-21 
and insulin release, 7-80 
and transmembrane potential, 1-34 
depletion, with polyuria, 5-42 
in vestibular function, 8-40 
renal transport, 5-26, 27 



Potential (see also name of potential) 
Potentials, electrical 
and HCl secretion, 2-40 
and neurosecretion, 7 14 
and salivary secretion, 2-27 
cochlear microphonic, 8-20 
during conditioning, 9-151 
during nerve impulse, 1-48 If 
excitatory postsynaptic, 9 76 ff 
from motor unit in muscle, 1 106 
in association cortex, 9-110 
in olfactory system, 8 135 
in spinal roots, 9-11 
m vestibular system, 8-57 
in visual system, 8-86 fi 
inhibitory, 9-77 tf 
of cerebral cortex, 9-105 
ot end plates, 9-13 
of small intestine, 2-112 
of stomach, 2 106 
principles of bioelectricity, 1 32 tf 
related to hearing, 8-22 
to sensory stimuli, 8-6 
Potentials, electrochemical, 1 21 
m active transport, 1 21 
in earner transport, 1-21 
Potentials, electrotonic 
as CES, CIS, 9-14 
during stimulation of nerve, 1-40 
of auditory hair cells, 8-19 
volume conduction, 9 11 
Potentials, resting vs action, 1-34 
Potter turbinometer, measurement of 
blood flow, M55 
Precentral motor cortex, 9-89 
Prefrontal region, cerebral cortex, 
9 117 

Preganglionic fibers, 9-55 ff 
Pregnancy 

and Rh antigen system, 4-51 
and steroid hormones, 7-103 
effect on blood volume, 4-120 
hormonal control, 7-107 ff 
vomiting m, 2-110 
Pregnenolone, 7-51 
Preservation injury m blood, 4-53 
Pressure, hydrostatic 
and lymph formation, 4-85 
and Starling principle in capillaries, 
4-122 

during swallowing, 2-99 
gastroduodenal, 2-107 
in ileura, 2-116 
m urinary tract, 5-53 
measurement m capillaries, 4-86 
relations in kidney, 5-6 
Pressure, osmotic, 1-27 
and glomerular filtration, 5-6 
and lymph formation, 4-85 
and Starling principle m capillaries, 
4-122 

variations affect lymph flow, 4-87 
Pressure-volume relation 
for gas bubble, 6-39 
for lung, 6-37 

Pressures that move air, 6-34 ff 
Pressures that move fluid, 4-123 
Presynaptic inhibition, 1-56 
in spinal reflexes, 9-80 
Primaqume causes G6PD deficiency, 
4-29 

Primates, cortical lesions, 9-114 
Priority m control systems, 9-17 
Prism for light, 8-65 
Problem-solving tests, 9-156 
Progesterone 
m ovarian cycle, 7-105 
m synthesis of glucocorticoids, 7-61 
metabolic pathways of, 7-104 
secreted during pregnancy, 7-107 


Progestin 

m reproductive cycle, 7-103 
mechanism of action, 7-107 
transport and metabolism, 7-106 
Promsulm 

model of protein assembly, 1 184 
synthesis of, 7-77 
Projectile vomitmg, 2-110 
Prolactin mhibitory factor (PIF), 7 15 
uncertain chemical nature, 7 19 
Proliferation, calculation of, 4-15 
Promoter m operon, 1-189 
Proprioceptors, 8-1 
Prostaglandins and body tempera- 
ture, 9-136 

Prostate gland, androgen on, 7 99 
Protein biosynthesis 
affected by steroid hormones, 7-7 
and memory trace, 9-159 
and thyroid hormone action, 7-39 
codons for, 1-175 
function of RNA, 1-179 
hormonal control of, 7 147 
inhibition by antibiotics, 1-181 
Protein biosynthesis m liver, 7-151 
Protein-bound lodme (PBI), 7-34 
Protein metabolism, 1-129 
and adrenal hormone actions, 7-56 
and gluconeogenesis, 7-136 
hormonal control of, 7 147 
Protein molecules 
conformation of, 1-124 
models for their assembly, 1-184 
types of bonds in, 1-122 
Protein sparing compounds, 1-130 
Proteins 

absorption of, 2-89 

assembly from polypeptides, 1-183 

classes of, 1-115 

physicochemical properties, 1-121 
summary of functions, 1-114 
Proteins m bile, 2-69 
Protems m interstitial fluid, 4-85 
Proteins in lymph, 4-85 
Protems m plasma (see also Plasma 
proteins), 4-3 
Proteinuria 

absent in pyelonephritis, 5-41 
m glomerulonephritis, 5-40 
in nephrosclerosis, 5-41 
in nephrotic syndrome, 5 40 
significance of, 5-41 
Proteoses, absorption of, 2-90 
Prothrombin, 4-75 
Prothrombin tune, 4-78 
Protons (see also Hydrogen ions), 2-39 
Protoporphyrm IX, 4-41 
PRPP-anudotransferase, 1-147 
PRPP in gout, 1-155 
PSP (phenol red) 
renal secretion, 5-13 
test for excretion, 5-39 
Psychological sex differentiation, 7-94 
Psychomotor epilepsy, 9-171 
Psychophysical study (see Tech- 
niques , psychophysical) , 
Pulmonary artery, “edge” pressure of, 
3-206 

Pulmonary blood vessels, reflex from 
distension of, 6-51 

Pulmonary edema, dyspnea m, 6-60 
Pulmonary vems, critical closing pres 
sure of, 3-207 
Pulmonary ventilation 
abnormal patterns, 6-58 
as rhythmic mechanism, 9-103 
control of, as regulation, 9-126 
efficiency, 6-37 
first breath of infant, 6-40 
hyperpnea durmg exercise, 6-57 
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hysteresis in curves, 6-38 
interpleural pressures, 6-38 
multiple factor theory of control, 6-56 
pressure-volume relation, 6-37 
pressures for air flow, 6-34 ff 
range of normal values, 6-33 
regulation of, 6-52 ff 
regulation of [H+], 4-108 
resistance to air flow, 6-35 
significance of dead space, 6-20 
total vs alveolar, 6-20 
volume-flow relations, 6-34 
work of breathing, 6-36 
Pulmotor, 6-84 
Fulvmar, 9-40 
Pumps, ionic, m nerve, 1 49 
Pupil 

optics of, 8 67 
properties of, 8-71 
Punne derivatives, 1-142 
Purme-pynmidme pairing, 1-151 
Purmes 

biosynthesis of, 1 147 
deamination of, 1 134 
degradation of, 1 151 
in genetic code, 1 175 
incorporation into nucleic acids, 1-150 
reutihzation of, 1-149 
synthesis m gout, 1-154 
Purkinje cells 
conductance of impulse, 3-57 
of cerebellum, 9-44 

Purkmje fibers, transmembrane po- 
tential, 3-49 
Puromycin 
inhibits memory 9-159 
inhibits protein synthesis, 1-182 
Purpura, 4-80 
Putamen, 9-60 
Pyelonephritis, 5-41 
Pyloric glands, 2-32 
Pylorospasm, 2-109 
Pylorus of stomach, 2-104 
Pyramid of cerebellum 9-99 
Pynimdine derivatives, 1-142 
Pynmidmes 
biosynthesis of, 1 143 
deamination of, 1-134 
degradation of, 1-151 
m genetic code, 1-175 
incorporation into nucleic acids, 1 150 
reutihzation of, 1 149 
Pyrogen 

action on kidney, 5-16 
on hypothalamus, 9-136 
Pyruvate dehydrogenase 

and control of gluconeogenesis, 7-138 
m glycolytic unit, 7-120 
Pyruvate oxidation, 1-103 

Quadriplegia, 9-162 
Quanta of radiation, 8-64 
Quantal nature of transmission, 1-58 
Quantum theory of hght, 8 63 
Quaternary structure of protein, 
1-128 

Radiation, heat loss, 9-129 
Radioactive isotopes 
Fe, Cr, for RBC volume, 4 119 
for transmembrane flux, 1-25 
“T for plasma volume, 4-118 
Radioautography 

of antenor pituitary cells, 7-12 
with tritiated thymidine, 4-13 
Radioimmunoassay, 7-3 
forACTH, 7-62 
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RadionMiniiiioassay — continued 
of calcitonin, 7-48 
of corticosteroids, 7-54 
of insulin, 7-76 
Rage 

hypothalamic, 9-145 
sham, 9-144 

Rahn sampler for gases, 6-4 
Rami commimicantes, 9-56 
Ramon y Cajal, 9-44 
neuron doctrine, 9-68 
Rapid eye movement (REM), 9-138 
Rathke’s pouch, 7-24 
Ratio, HCO3/CO2, 4-105 
Reactions, placing and hopping, 
9-113 

Reactive hyperemia, 3-221 
Reading and speech, 9-148 
Reading frame shifts, 1-185 
Receptive fields of retina, 8-89 
Receptive fields of skin, 8-147 
Receptor potentials of retma, 8-86 
Receptor sites 
for catecholamines, 7-73 
for gastrointestinal hormones, 2-16 
for TSH, 7-36 
in autonomic system, 9-63 
m nucleus for testosterone, 7-99 
Receptors, postsynaptic, 1-52 
Receptors, sensory, 8-1 
for olfaction, 8-134 
for pain, 8-154 
for taste, 8-123 
for temperature, 8-152 
for touch, 8-145 
in retina, 8-74 
m vestibular system, 8-44 
Recessive genes, 1-136 
Reciprocal mnervation, 9-73 
Recognition of codons, 1-177 
Recording, electrical, 9-9 ff 
Recovery firom neural deficits, 9-6 
Recovery heat m muscle, 1-87 
Recruitment 
auditory, 8-35 
motor units, 1-81 
Rectal motility, 2-119 
Rectal temperature, 9-128 
Rectification m muscle, 1-92 
Rectum 

defecation, 2-119 
reflex control, 9-163 
Red blood cells (see Erythrocyte) 

Red muscle fibers, 1-109 
Red nucleus, 9-51 
m decerebrate state, 9-93 
Red vs white muscle, 9-90 
biochemistry of, 7-112 
Referred pain, 8-155 
from gut, 2 11 

Reflex (see also name of reflex) 
swallowing, 2-96 
Reflex arc, 9-67 

Reflex secretion of saliva, 2-25 
Reflexes, classification, 9-68 
Reflexes, feeding, 2-3 
Reflexes, respiratory, 6-48 ff 
cause of vasoconstriction m finger, 
3-187 

from baroreceptors, 6-48 
from CO 2 detectors, 6-52 
from detectors, 6-56 
from low O 2 detectors, 6-54 
from pulmonary vessels, 6-51 
from thermoreceptors, 6-62 
Henng-Breuer, 6-47 
miscellaneous types, 6-51 
pam, 6-51 


Reflexes, spinal 

durmg recovery from shock, 9-163 
electrophysiology of, 9 74 ff 
Reflexes, urinary, 5-51 
Reflexes, visceral, 2-9 ff 
Refraction of light, 8-64 
Refractive index of eye, 8-66 
Refractory periods 
of muscle, 1-80 
of nerve, 1-45 

Refractory states and ion pumps, 1-50 
Regeneration of nerve fibers, 1-31 
Regional potentials, cochlear, 8-22 
Regulation, 9-18 
genetic, 1-186 ff 
metabolic, 7-112 

of acid-base balance, renal, 5-27 ff 
of blood volume, 4-117 
of body fluids, 4-115 
of body temperature, endocrine, 
'9-136 

of body temperature, neural, 9-128 ff 

of erythropoiesis, 4-25 

of granulocytopoiesis, 4-69 

of [H+3, 4-106 

of platelets, 4-74 

of sodium excretion, 5 24 ff 

of ventilation, 6-52 ff 

of ventilation during exercise, 6-57 

schemata, 9-122 

typical, 9-121 

Regulation vs control, 9-18 
Reinforcement m conditioning, 9-154 
Reissner’s membrane, 8-17 
Rejection of grafts, 4-98 
Relative refractory period 
of muscle, 1-80 
of nerve, 1-45 
Kelaxmg factor, 1-93 
Releasing factors 7 13 
activity in human, 7-20 
assay of, 7-15 
chemistry of, 7-18 
clinical significance of, 7-23 
in blood of portal system, 7-13 
mechanism of action, 7 20 
REM (rapid eye movement), 9-138 
Renal (see also Kidney, Glomeruli, 
Tubules, name of process, name of 
substance excreted) 

Renal circulation, 3-227 ff 
Renal erythropoietic factor, 4-26 
Renal failure, 5-43 
effect on acid-base balance, 4-106 
Renal glycosuria, 5-46 
Renal hypophosphatemia, 5-46 
Renal tubular acidosis, 5-45 
Remn 

bioassay for, 7-62 
control of Na"^ secretion, 5-25 
Renin-angiotensm, vasoconstrictor 
effects of, 3-172 

Renm-angiotensm system, 7-62 
Rennm m gastric juice, 2-37 
Renshaw cell inhibition, 1-57 
in spinal reflexes, 9-81 
Rephcases for RNA, 1-171 
Replication of DNA, 1-163 
Repkcation of RNA, 1-169 
Repression of enrymes, 1-187 
Repressor vs inducer, 1-187 
Reproductive cycle, female, 7-101 
Residual volume of lung, 6-31 
Resistance 

to diffusion of CO 2 m lung, 6-27 
to diffusion of O 2 in lung, 6-24 
to pulmonary air flow, 6-35 
Resonant firequency and odor, 8-143 
Respiration (see also Inspiration, Ex- 
piration, Pulmonary ventilation) 


Respiration, artificial, 6-84 
Respiration, control of, 6-41 ff 
multiple factor theory, 6-56 
Respiration, muscles of, 6 28 ff 
abdominals, schema of control, 6 51 
maximal pressures developed, 6-33 
Respiration, symbols used, 6 1 ff 
Respirators, 6 84 
Respiratory centers 
automaticity of, 6-44 
identification of, 6-42 ff 
recording activity from, 6-45 
Respiratory distress syndrome, 6-40 
Respiratory gases (see also CO 2 , O 2 ), 

6-1 ff 

Respiratory minute volume, 6 52 ff 
Respiratory quotient 
of nerve, 1-51 
of salivary glands, 2-21 
Respiratory rate vs dead space, 

6-21 

Respiratory reflexes (see Reflexes, 
respiratory) 

Respiratory smus arrhythmia, 3-187 
Rest-length of muscle, 1-63 
Restiform bodies, 9-46 
Eestmg membrane potential, 1-89 
Resting tension of muscle, 1-82 
Resting vs action potentials, 1-34 
Restrammg mechanism, hypothala- 
mic, 9-144 

Resuscitation, 6-83 ff 
Reticular formation, medullary, 

9-31 ff 

activatmg mechanism, 9-140 
influence on visual system, 8-81 
respiration, control of, 6-42 ff 
Reticular formation, spinal, 9-22 
Reticulocytes, 4-31 
m erythrocytopoiesis, 4-24 
Reticulospmal tract, 9-29 
Reticulum 
endoplasmic, 1-7 
sarcoplasmic (see Sarcoplasmic 
reticulum) 

Retma, 8-72 

absolute sensitivity of, 8-84 
distribution of rods, cones, 8-69 
interaction of units, 8-87 
organization of, 8-75 
receptive fields, 8-89 
receptive fields for color, 8-115 
Retinal disparity, 8-120 
Retinaldehyde, 8-82 
Reverberatory network, 9-76 
Reversion of mutation, 1-185 
Reynolds’ number, 3-7, 19 
for air flow m lung, 6-35 
Rh antigen system, 4-51 
Rheological properties of blood, 
and suspension stability, 4-61 
Rhmencephalon 
and hmbic system, 9-146 
and olfaction, 8-138 
Rhodopsm, 8-81 

Rhythmic mechanisms, neural, 9-102 
Rhythmic segmentation, 2-111 
Rh 3 ^hmicity of bowel, 2-113 
Ribonuclease 
denaturation of, 1-128 
pancreatic, 2-52 
Ribonucleic acid (see RNA) 
Ribonucleotide biosynthesis, 1-146 
Ribose in RNA, 1-142 
Ribosomal RNA 
and nucleolar function, 1-6 
structure and function, 1-172 
Ribosome cycle, 7-152 
Ribosomes 
aggregation of, 7-152 



hormonal control of protein synthe- 
sis, 7-148 

m hypophysectomy, 7-149 
significance of RNA, 1 172 
Rifes, in respiration, 6 29 
Rickets, vitamin D resistant, 5-46 
Rifamycin vs KNA synthesis, 1-171 
Righting, natural, 9-96 
Righting reflexes, 9 96 
of decorticate animal, 9-94 
Rigidity 
decerebrate, 9-92 
parkinsonian, 9-100 
Rigor of muscle, 1-75 
RNA (see also Nucleic acids) 
messenger (see Messenger RNA) 
role in cardiac hypertrophy, 3 45 ff 
RNA and teaming, 9-159 
RNA biosynthesis, 1-169 
and corticosteroid actions, 7-57 
and thyroid hormone action, 7-19 
in bone, 7 45 

stimulated by androgen, 7-99 
RNA molecules, 1-169 
structure of single strand, 1-192 
RNA of nucleolus, 1-6 
RNA polymerase, 1-169 
control via, 1-190 
RNA replicases, 1-171 
RNA sequences of phage, i-178 
ENA structure, 1-142 
RNA vs DNA, 1-142 
Rods vs cones 
distribution of, 8-69 
m dark adaptation, 8-101 
microscopic anatomy, 8-74 
Rollfeewegungen, 2-114 
Rossohmo’s reflex, 9-87 
Rotameter, measurement of blood 
flow, 3-155 

Rotating environment, 8-54 
Rotation, perception of, 8-53 
Rough RR, 1-8 
Round window, 8-14 
Rubrospinal tract, 9-29 
connections of, 9-50 
Ruminants, urea cycle, 5-34 

Saccadic eye movements, 8-97 
Saccules, 8-46 

Sacral autonomic outflow, 9-58 
Salme infusions, 4-117 
Saliva 

composition, 2-22 
functions, 2-28 
Saliva and thirst, 2-6 
Saliva, secrfetion of, 2-21 
disturbances, 2-30 
paralytic, 2-26 
rate and volume, 2-22 
Saliva spreading and heat loss, 9-130 
Salivary enzymes, 2-29 
Salivary glands, circulation at rest vs 
maximum vasodilatation, 3-166 
Sahvatory nuclei, fibers from, 9-57 
Salivatory nucleus (inferior), 9-37 
Salivatory nucleus (superior), 9-36 
Salt (see Electrolyte, name of salt) 
Salty taste, 8-122 
Sarcolemma 
relation to T tubule, 1-71 
stimulation of muscle via, 1-90 
Sarcomere 
definition, 1-62 
myocardial, 3-28 ff , 88 ff 
Sarcoplasm of muscle, 1-62 
Sarcoplasmic reticulum, 1-70, 3-31 
as relaxing factor, 1-94 
calcium storage and release, 3-36 


concentration of calcium by, 1 90 
stores calcium ions, 1 94 
Satiety, defined, 2-2 
Saturation of carrier transport, 1-20 
Scarpa’s ganglion, 8-49 
Schafer’s method, resuscitation, 6-83 
Scholander method for gas analysis, 
68 

Schwann cells, 1-31 
Scleroderma and dysphagia, 2-103 
Sclerosis, disseminated, 9-170 
Scotopic curve of luminosity, 8-65 
Seasickness, 2-110 
Second messenger theory, 7-5 
Secondary sex characters, 7-94 
Secretin, 2-15 
and secretion of bile, 2-70 
control of pancreas, 2 56 
evokes insulin release, 7 80 
test of pancreatic function, 2-57 
Secretion 
by colon, 2-82 
by pancreas, 2-53 ff 
by renal tubules, 5-13 ff 
by small intestine, 2-79 
gastric, 2-31 ff 
gastric phases, 2-44 
of bile, 2-60 ff 
of glucagon, 7-79 
of H+ m kidney, 5-29 
of HCl, 2-38 
of insulin, 7-79 
of saliva, 2-21 

of saliva, disturbances of, 2-30 
Secretion granules, anterior pi- 
tuitary gland, 7-9 

Secretory capacity of stomach, 2-45 
Secretory vesicles, adrenal medulla, 
7-72 

Sedimentation of blood, 4-60 
Segmental neves, 9-23 
Segmentation of bowel, 2-111 
Seizures, epileptic, 9-172 
Selectivity for frequency, 8-28 
Self-stimulation of bram, 9-154 
Semicircular canals, 8-41 
Semilunar valves, closure, mecha- 
nism of, 3-107 
Seminiferous tubules, 7-99 
Semipermeable membranes, 1-28 
Sensation 
consciousness of, 8-2 
m control of food intake, 2-4 
visceral, and digestion, 2-10 ff 
Sensitivity of receptors 
auditory, 8-19 
olfactory, 8-140 
retinal, 8-84 
thermd, 8-152 

Sensorimotor cortex, cerebral, 9-110 
Sensory changes in CNS lesions, 

9-162 

Sensory coding, 8-3 
Sensory disabilities, 9-24 
Sensory nerves, 9-74 
Sensory pathways, 9-24 ff 
Sensory processes, 8-1 ff 
Sensory responses, neural, 8-6 
Septal defects, cardiac, cause hypoxia, 
6-77 

Senes elastic element, 1-81 
Serotonin 

and inflammation, 4-64 
as transmitter, 1-59 
distribution in CNS, 9-83 
m small mtestme, 2-80 
Serous cells, salivary, 2-19 
Sertoh cells, 7-100 
Serum proteins, 4-4 
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Setpoint for body temperature, 9-136 
Setpoint of control system, 9 19 
Sex characters, secondary, 7-94 
Sex chromosomes, 1 137 
abnormal numbers of, 7-88 
and sex differentiation, 7 88 
Sex differentiation, 7-88 ff 
stimulated by androgen, 7-99 
Sham rage, 9 144 
Shock (see also Spinal shock, etc ) 
cardiac blood flow during, 3-141 
electric, and memory, 9 158 
Shortenmg of muscle, 1 80 
Shortening reaction, 9-92 
Shunts, pulmonary, 6-22 ff 
causes of hypoxia, 6-76 
Sialorrhea, 2-30 
Sickle cell anemia 
abnormal hemoglobin, 4-31 
as a protemopathy, 1-138 
hemoglobin variants, 4-37 
Siggaard- Andersen nomogram, 4-112 
SignofBabmski, 9-161 
diagnostic value, 9-164 
Signal generation, neuronal, 9-16 
Signals, neural, codmg of, 9 12 
Signet rmg cells of anterior pituitary 
gland, 7-9 

Signs vs symptoms, neural, 9-4 
Silent period of reflex, 9-86 
Silicone prevents clottmg, 4-76 
Silver chromate techmque, 1-29 
Smgle umt analysis, 9-10 
of cochlear function, 8-24 
of lateral geniculate body, 8-92 
of olfaction, 8-135 
of retinal interactions, 8-87 
of taste, 8-127 
Smoatrial node, 3-55 
Smus node, heart, conductance ve- 
locity, 3-55 
Skeletal muscle 

arteriovenous anastomoses m, 3-222 
blood circulation in, 3-217 
blood pH effects on circulation, 
3-218 

bradykmm vasodilation effect in, 
3-219 

carbon dioxide effects on blood 
flow m, 3-218 

circulation at rest vs maximum vaso- 
dilatation, 3-166 
collateral blood flow, 3-222 
contraction, compared with myocar- 
dium, 3-36 
control of, 9-66 ff 

exercise effect on blood flow m, 3-220 
neural control of blood flow in, 3-217 
reactive hyperemia, 3-221 
red vs white, 9-90 
tone of, 9-88 
tone vs spasticity, 9-166 
Skin 

blood circulation m, 3-213 ff 
central neural control of blood flow, 
3-216 

circulation at rest vs maximum dila- 
tation, 3-166 
dermographism, 3-215 
dorsal root vasodilator fibers, 3-216 
flare reaction, 3-214 
flush reaction, 3-215 
local edema, 3-215 
red reaction, 3-215 
venous circulation of, 3-214 
wheal reaction, 3-215 
white reaction, 3-215 
S kin and touch sensation, 8-147 
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Skin pigment and cyanosis, 6 81 
Skin temperature, 9-135 
Sleep, 9 137 ff 
humoral control, 9-142 
paradoxical, 9 142 
significance of, 9-143 
Sleeping sickness, 9-141 
Sliding filament theory, 1 72 
Slow muscle fibers, 1-110 
Slow waves, EEG, 9-138 
Small mtestiiie 
nerve supply, 2-9 
secretion by, 2 79 
Smell, 8-132 ff 
Smooth ER, 1 8 

Smooth muscle, control of, 9-53 ff 
Smooth pursuit eye movement, 8 98 
Snake venom and hemolysis, 4-60 
Snellen chart, 8 107 
Sodium chloride and thirst, 2-6 
Sodium current 
during action potential, 1-48 
transmembrane m muscle fiber, 1-93 
Sodium cyanide and respiration, 

6- 56 

Sodium inactivation, 1-48 
Sodium ions 

active transport processes, 1 23 
aldosterone and tubular transport, 

7- 59 

and glucose absorption, 2-87 
and Hodgkm-Huxley theory, 1-36 
and Meniere’s disease, 8-61 
and size of action potential, 1-46 
m countercurrent system, 5-20 
renal transport, 5-23 ff 
Sodium pump m nerve, 1 49 
Soleus muscle, red, 1-109 
Solubility coefficients of gases, 6-3 
Somatotrophm (see Growth hormone, 
GH) 

Somesthetic area, cerebral, 9-109 
Somnolence, 9-141 
with hypothalamic lesion, 9-167 
Sound 

physics of, 8 10 
stereophonic, 8-33 
Sound level and deafness, 8-34 
Sound localization, 8-33 
Space station, 6-69 
Spastic hemiplegia, 9-116 
Spatial factors, visual, 8-105 
Spatial modulation transfer func- 
tion, 8-108 

Spatial resolution m eye, 8-69 
and clarity of vision, 8-105 
Spatial summation, 9-70 
Specific dynamic action, 1-132 
Specific gravity of urine, 5-21 
Specific heat of blood, 4-1 
Specific taste fibers, 8-126 
Spectral luminosity function, 8-65 
Spectral response function, 8-82 
Spectrum of electromagnetic radia- 
tion, 8-64 
Speech, 9-147 ff 
Speech and hearmg, 8-29 
Speech audiometry, 8-38 
Speech centers, 9-120 
Speech disorders, 9-148 
Spermatogenesis, 7-99 
Spherical aberration, 8-67 
Spherocytosis, hereditary, 4-36 
Sphincter, esophageal 
lower, 2-1,02 
upper, 2-98 

Sphincter of oddi, 2-75 
Sphmcters, urmary, 5-49 


Spinal accessory nerve, 9-38 
Spinal animal, 9-69 
Spinal cord, 9 21 ff 
control of vasoconstriction, 3-168 
myelination of fiber tracts, 1-31 
neural tracts, 9-24 ff 
typical lesions, 9-162 
Spinal nerve roots, 9-23 
Spmal shock, 9-7 
effect on posture, 9-90 
stages of recovery, 9-162 
Spmal state and posture, 9-90 
Spmothaiamic pathways, 9-25 
Splanchnic circulation, 3 224 ff 
Splanchnic nerves, 2-8 
Splay of glucose titration curve, 5 12 
Spleen 

and circulation of lymphocytes, 4-97 
blood flow, 3-225 
destruction of erythrocytes, 4-34 
forms bile pigments, 2 65 
in marrow transplantation, 4-18 
Split-bram technique, 8-5 
Spontaneous movement, 9-16 
-S-S- bridges m insulin, 7 76 
St Vitus’s dance, 9 169 
Standard reference levels for sound, 
8-12 

Stapes, functions, 8 14 
Starling curves, cardiac output, 3-125 
Starling principle (capillary), 4-122 
applied to glomeruli, 5-4 
Starvation and gluconeogenesis, 
7-134 

Static reactions, neural, 9-95 
Static vs dynamic receptors, 8-44 
Statoconia, 8-44 
Stem cell pool, 4-15 
Stem cells 

in eiythropoiesis, 4-21 
in granulocytopoiesis, 4-65 
in hemopoiesis, 4-12 
Stepping, spmal, 9-103 
Stereociha 
auditory, 8-19 
vestibular, 8-42 
Stereophonic sound, 8-33 
Stereotaxic surgery, 9-5 ff 
Steroid hormones 
enzyme induction by, 1-193 
of adrenal cortex, 7 50 ff 
of ovary, 7-103 
of testis, 7-95 

penetration of membranes, 7-5 
Steroids (see Adrenal steroids, Ovary, 
Testis) 

Sticky point m RNA, 1-180 
Stiles-Crawford effect, 8-68 
Stimulation (see Electrical stimulation, 
Thermal stimulation, etc ) 

Stimuli, sensory, 8-1 
Stimulus for olfaction, 8-132 
Stimulus for pam, 8-154 
Stimulus for touch, 8-145 
Stomach (see also under Gastric) 
control of emptying, 2-108 
electrical activity of, 2-106 
glands of, 2-31 
motility of, 2-104 ff 
nerve supply, 2-9 

Stop signals in RNA synthesis, 1-171 
Storage compartment in hemopoiesis, 

4-17 

Storage of blood, 4-53 
Strength-duration curve, 1-38 
Streptomycin 

disturbs vestibular function, 8-61 
inhibits protein synthesis, 1-182 
resistance to, 1-182 
Stretch reflex, 9-72 ff 


and muscle spindles, 9 82 
clinical use, 9-87 
in decerebrate state, 9-93 
Striate cortex, 9-111 
visual functions of, 8 80 
Striated muscle (see Muscle, skeletal) 
Striations of muscle, 1-62 
Stricture, esophageal, 2 103 
Structural genes, 1-187 
Strychnme and inhibition, 1-56 
Subliminal fringe, 9-71 
Subliminal stimulus for nerve, 1 37 
Sublingual glands, 2-18 
Submaxillary glands, 2-17 
Submucous plexus, 2-8 
Substantia nigra, 9-50 
dopa and melanine, 9-101 
effect of lesions, 9-100 
Substrate availability, 7-134 
Substrate oxidation in man, 7-125 
Substrates for gluconeogenesis, 7-135 
Subthalamic body (of Luys), 9-50 
Succus entericus, 2-80 
Suckling and oxytocin release, 7-27 
Sucre piqure, 9-65 
Sucrose absorption, 2-88 
Sudden death with asthma, 6-73 
Sugars, transport into muscle, 7 115 
Sulfate ion 

from amino acid metabolism, 1-131 
transport in kidney, 5 13 
Sulfonamide drugs vs carbonic an- 
hydrase, 6-17 

Suifonphthalem, renal secretion, 5-13 
Sulfur containing ammo acids, 1 133 
Sulfur oxidation, 4-103 
Summation 
in nerve, 1-39 
spatial, 9-70 
temporal, 9-76 

Summation potential, cochlear, 8-22 
Supplementary motor area, 9 113 
Suppression of mutation, 1-185 
Suppressor mechanism, hypothala- 
mic, 9-141 

Supraoptic nuclei, 7-25 
Supraopticohypophysial tract, 7-28 
Surface activity in lung, 6- 18 
Surgical procedures 
for deafness, 8-34 
m study of sensation, 8 5 
stereotaxic operations, 9-5 
Surveillance, immune, 4-98 
Sustentacular cells of testis, 7-100 
Swallowmg, 2-28 
deficits of, 2-97 
mechanisms of, 2-95 
stages of, 2-96 
Sweating 

acetylcholine stimulation of, 9-62 
and cutaneous heat loss, 9-130 
and water balance, 4-115 
control of, 9-131 
Sweet taste, 8-122 
Sydenham’s chorea, 9-169 
Symbols for respiratory physiology, 
6-1 ff 

Sympathetic control 
of gastric secretion, 2-35 
of pancreas, 2-55 
of salivary secretion, 2-27 
Sympathetic ganglia, 9-55 
Sympathetic nervous system, 9-53 ff 
summary of functions, 9-59 
Sympathin, 9-62 
Symptoms vs. signs, neural, 9-4 
Synapses, 1-59 ff 
general properties, 9-1 
m retina, 8-77 

S 3 maptic delay, central, 9-75 



Synaptic traBsmission, 1-52 ff 
Syndrome 

chorda tympani, 2-30 
Dejenne and Roussy, 9-167 
Dubm-Johnson, 2-67 
Kluver Bucy, 9-145 
Synthetase, 1-174 
Syphilis, tabes in, 9-165 
Syringomyelia, 9-165 
System of ceil renewal, 4-10 

T-1824 for plasma volume, 4 118 
Tabes dorsalis, 9-165 
Tachycardia, 3 137 
Taste, 8-121 ft 
theories of, 8-131 
Taste buds, 8-123 
Taste discrimination, 8-129 
Taste fibers, 8-126 
Taste receptors, 8-130 
Taste threshold, 8-128 
Taurine in bile salts, 2-62 
Techniques, biochemical 
differential centrifugation, 1-172 
for transmembrane flux, 1 25 
Techniques, blood 
antiglobulm (Coombs) test, 4 50 
electrophoresis of plasma protein, 4 4 
for blood volume, 4-119 
for circulating RBC volume, 4-119 
for clotting, 4-78 
for erythrocyte indices, 4-31 
for hemoglobin synthesis, 4-25 
for hemopoiesis, 4-18 
for plasma volume, 4-118 
tritiated thymidine, 4-13 
Techniques, clinical 
for visual acuity, 8-107 
rotating (Barany) chair, 8-55 
Techniques, endocrme 
for neurohumoral controls, 7 13 
hormone assays, general, 7 .3 
uptake in thyroid gland, 7 39 
identifying hormones, 7 1 
tests of thyroid function, 7 3 3 
Techniques, endocrine assay 
ACTH, 7-61 
calcitonin, 7 48 
catecholamine, 7 72 
corticosteroid, 7-53 
msuhn, 7-76 
releasing factors, 7-15 
renin, 7-62 
vasopressin, 7-25 
Techniques, general 
for acid-base balance, 4-111 
for fluid volumes in body, 4-113 
for intestinal absorption, 2-83 
for study of membranes, 1-3 
for ultrastructure of muscle, 1-74 
hypothalamic heating, 9-134 
problem-solving, 9 155 
radioautography, 4-13 
thermopile for muscle, 1-85 
Techniques, genetics, chromosome 
mapping, 1-162 
Techniques, neuroiogical 
electrical recording, 9-9 
electrical stimulation, 9-7 
electromyography, 1-104 
for action potential, 9-87 
for clinical reflexes, 9-87 
for spinal reflexes, 9-70 
for synaptic potentials, 1-53 
implanted electrodes, 9-6 
microelectrodes, 9-10 
stereotaxic surgery, 9-5 
voltage clamp, 1-47 
Tpchniques, physical, for light, S-65 
Techniques, psychophysical, 8-2 ff 


for hearing, 8-31 ff 
for hearing impairment, 8 35 
for olfaction, 8-139 
for taste, 8 128 
for temperature sense, 8-152 
for vestibular function, 8-49 
retinal sensitivity, 8-85 
Tectal autonomic outflow, 9 57 
Tectorial membrane of cochlea, 8-15 
Tectospinal tract, 9 29 
Teeth, in chewing, 2 95 
Tegmentum of bramstem, 9 30 
Telencephalon, 9-20 
Temperature 

and central signal generation, 9 16 
effect on food intake, 2 5 
effect on gases, 6-2 
effect on respiration, 6 52 
effect on taste, 8-129 
Temperature regulation, 9 131 
and properties of blood, 4 1 
endocrine mechanisms, 9 136 
Temperature sense, 8-152 ff 
hypotheses concerning, 8-154 
Temperature vs metabolic rate, 
9-133 

Temporal lobe, 9 110 
Temporal modulation transfer func- 
tion, 8 111 

Temporal summation, 9 76 
Temporary threshold shift, 8-21 
Tenderness, visceral, 2-12 
Tendon organs (Golgi), 9-84 
Tendons, functions of, 1 107 
Tenotomy and differentiation of mus- 
cle, 1 112 

Tension of resting muscle, 1 82 
Terminal cistemae m muscle, 1 70 
Termination of peptide chain, 1-181 
Termination of polypeptide chains, 
1-176 

Tertiary structure of protem, 1-125 
Testis, control of, 7-95 ff 
Testis tubules, 7-99 
Testosterone (see also Androgen) 
and sex differentiation, 7-93 
binding to globulin, 7-98 
binding to nuclear receptor, 7-99 
secreted by testis, 7-95 
transport and metabolism, 7-97 
Testosterone secretion m female, 

7- 106 
Tetanus 

isometric, 1 82 
isotonic, 1-80 

Tetralogy of Fallot, causes hypoxia, 

6-77 

TThalamic animal, 9-94 
Thalamic lesions, 9-166 
Thalamic syndrome, 9-167 
TThalamocortical projections, 9-108 
Thalamus 

anatomy of, 9-39 
and arousal system, 9-40 
association functions, 9-40 
nonspecific nuclei, projections, 9-108 
sensory connections, 9-40 
specific systems, 9-108 
Thalassemia, 4-36 
IPherapy, oxygen, 6-81 ff 
Thermal conductivity of blood, 4 1 
Thermal detection m skin, 8 152 
Theonal sensation m gut, 2-10 
Thermal stimulation of vestibule, 

8- 49 

Thermopile for muscle, 1-85 
Thermostat, hypothalamic, 9-135 
Thermostromuhr, measurement of 
blood flow, 3-156 
Thiocyanate vs I in thyroid, 7-30 
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Thiourea, action in thyroid, 7 32 
Hurst, 2-6 ff 
Thiry- Vella loop, 2-83 
Thoracic duct, lymphocytes in, 4-95 
Thoracolumbar system, 9 53 
Thorax in respiration, 6 28 ff 
Three-channel hypothesis, 1-48 

Threshold, neural, 1 37 
for hearing, 8-31 
for olfaction, 8-139 
for taste, 8-128 
for touch, 8-151 
in vestibular system, 8-50 
Threshold, renal, 5-12 
Threshold shift, temporal^, 8-21 
Threshold tilt angle, 8-52 
Thrombm, 4-75 
Thrombm as coagulant, 4 82 
Thrombocytes, 4-73 ff 
Thrombocytopoiesis, 4 74 
Thromboplastin, 4 75 
Thromboplastin generation test, 4 79 
Thrombosis 

m sickle ceil anemia, 4 37 
pathogenesis of, 4-80 
Thrombosthemn, 4-73 
Thymectomy and immune response, 
4-92 

Thymic alymphoplasia, 4-102 
Thymidine, tn tinted, 4-13 
Thymme, I 142 

Thymine dimer formation, 1-168 
Thymus 

m immunity, 4-92 ff 
migration of cells, 4-96 
source of lymphocytes, 4-95 
Thyroglobulm, 7-32 
transportation through thyroid cells, 
7-33 

Thyroid bmdmg, abnormal, 7 37 
Thyroid C cells, 7 46 
TThyroid colloid, 7-33 
Thyroid deiodmase, 7-33 
Thyroid disorders, 7-29 
Thyroid gland, 7-29 ff 
and regulation of body temperature, 

9-136 

control of function, 7-29 ff 
Thyroid hormones 
blocking of synthesis, 7-32 
distribution and metabolism, 7-33 
increase in coronary blood flow, 3-138 
mechanisms of action, 7-38 
stored as thyroglobulm, 7-32 
synthesis, storage and release, 7-30 
vs dmitrophenol, 7-39 
Thyroid pituitary-axis, 7-36 
Thyroid stimulating hormone (see 
TSH), 7-35 

Thyrotrophs of anterior pituitary 
gland, 7-9 

Thyrotropm (see TSH), 7-35 
Thyroxin, 7-29 
Tic douloreux, 9-35 
Tickling, 8 157 

Tidal volume of respiration, 6-31 
changes in emphysema, 6-74 
changes in pneumonia, 6-71 
Tight junctions, 1-14 
Tilt angle, threshold, 8-53 
Tune factors 
vestibular, 8-53 
visual, 8-110 

Tinnitus with deafness, 8-35 
Titratable acid of urine, 5-30 
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Titration curve 
of ammo acid, 1-119 
of buffer systems, 4-104 
renal absorption of glucose, 5-11 
Tm for glucose, 5-10 
Tolbutamide and msulm release, 7-80 
Tolerance, immunological, 4-92 
Tone of muscle, 9-89 
Tone vs spasticity of muscle, 9-166 
Tongue m taste sensation, 8-122 ff 
Tonic mnervation from cerebral cor- 
tex, 9-116 

Tonic postural reflexes, 9 95 
m decerebrate state, 9-91 
Tonometers for blood gases, 6-8 
Tonotopy of auditory system, 8-30 
Total peripheral resistance, 3-23 
Touch sensation, 8-145 ff 
m gut, 2-10 

Toxic nodule m thyroid gland, 7 41 
Tracheobronchitis from Oj, 6-82 
Tracts, neural (see also name of tract 
or pathway) 
myelination of, 1-31 
Tracts, spmal and bramstem, 9-24 
Tractus solitarius 
and facial nerve, 9-35 
and nerve IX, 9-37 
and nerve X, 9-38 
receives taste fibers, 8-128 
Transammation 
m intestinal absorption, 2-90 
of ammo acids, 1-132 
Transammation systems, 1-134 
Transduction, neuroendocrme, 9-124 
Transfer factor m immunity, 4-98 
Transfer function 
spatial modulation, 8 108 
temporal modulation, 8-111 
Transfer RNA (tRNA) 
activation of ammo acids, 1 173 
and peptide chain initiation, 1 179 
in control of protein synthesis, 7-149 
Transferase, glycogen synthesis, 
7-117 

Transferrin, 4-39 
Transferrm m plasma, 4-6 
Transformation of bacteria, 1-163 
Transfusion (see also Blood transfu- 
sion), 4-48 

cardiac circulation effects of, 3-137 
Transitions cause mutations, 3-183 
Translationfil controls for genes, 

1-191 

Translocation, peptide synthesis, 

1 181 

Transmembrane potential (see also 
Membrane potential, Potentials), 
1-34 ff 

Transmission, chemical, 1-58 ff 
CNS transmitters, 9-14 
distribution of CNS transnaitters, 9-83 
m autonomic system, 9-59 
m basal ganglia, 9-100 
Transmission, electrical, 1-59 
Transmission, electrical vs. chemi- 
cal, 9 82 

Transmission of sound, 8-10 
Transmission, synaptic, 1-52 ff 
Transplantation of cells, 4-19 
Transport 

by renal tubules, 5-8 ff 
of ammo acids, 1-139 
of glucose, facilitated, 7-114 
of plasma lipid, 4-4 
of sugars into muscle, 7-115 
Transport, active, 1-21 
Transport, camer-mediated, 1-20 


Transport, uphill vs downhill, 1 22 
Transverse gyrus of Heschl, 9 110 
Transverse tubules 
m activation of muscle fiber, 1-90 
of twitch vs slow fibers, 1-111 
uitrastructure of, 1 70 
Transversions cause mutations, 1-183 
Trapping of I'^by thyroid, 7-30 
Tremor 

as rh 3 d;hmic mechanism, 9-102 
in cerebellar dysfunction, 9 97 
of Parkmson’s disease, 9-99 
TRF (see alse TSH releasing factor), 
7-16 

Triad of sarcoplasmic reticulum, 1-70 
Tricarboxylic acid cycle 
and energy release in muscle, 1-101 
m ammo acid metabolism, 1-132 
m mitochondria, 1-11 
m nerve, 1-51 
Triceps jerk, 9-87 
Tnchromacy, visual, 8-113 
Trigeminal nerve (V), 9-33 ff 
and oral sensation, 8-126 
Trigeminal neuralgia, 9-35 
Triglyceride absorption, 2-91 
Triglyceride homeostasis, 7-126 
Triglyceride lipase, 7-129 
Triglycerides, 7-123 
Truodothyronme, 7-29 
Tnplet-degenerate code, 1-178 
Tntiated thymidme 
study of granulocytopoiesis, 4 66 
study of hemopoiesis, 4-13 
study of lymphocytopoiesis, 4-93 
Trochlear nerve (IV), 9-32 
Tropomyosm 

concentration in myocardium, 3-32 
mteraction with actin and myosin, 
3-38 

Tropomyosin and troponm, 1-66 
Troponin 

concentration in myocardium, 3-32 
mteraction with actin and myosm, 
3-38 

Troponin and Ca ions, 1-66 
Trypsin, pancreatic, 2-51 
Trypsmogen, pancreatic, 2-51 
Tryptophan and protein synthesis, 

7-151 

Txyptophan operon, 1-189 
TSH releasmg factor (TRF), 7-16 
chemical structure, 7-18 
synthesis and release, 7 36 
TSH (thyrotropm), 7-35 
control of secretion, 7-15 
secreted by placenta, 7-109 
Tuber cinereum, 9-41 
Tubules, renal, 5-1 ff 
ammonia excretion, 5-31 
bicarbonate transport, 5-27 ff 
chloride transport, 5-23 ff 
excretion of drugs, 5-37 
H"’’ secretion, 5-29 
measurement of function, 5-40 
non-ionic diffusion, 5-37 
obligatory vs facultative water reab- 
sorption, 5-19 
potassium transport, 5-26 
reabsorption in, 5-8 ff 
secretion by, 6-13 ff 
sodium transport, 5-23 ff 
Tumors of adrenal medulla, 7-75 
Tiinmg of neural circuit, 9-102 
Turnover of hemopoietic cells, 4-19 
Turnover of protem, 7-147 
Turnover of red cells, 4-24 
Turnover rate of platelets, 4-74 
Turnover tune m erythropoiesis, 4-23 
Twitch muscle fibers, 1-110 


Two-neuron arc, 9-1 
inhibition of, 9-80 
Two-point threshold, 8-151 
Tympanic membrane, 8 12 
Tympanic temperature, 9-132 ff 
Tyrosme 

lodmated derivatives, 7 30 
precursor for catecholamine biosyn- 
thesis, 7-71 

precursor of thyroid hormones, 7-29 
Tyrosine transaminase activity, 7 149 

Ubiquinone in muscle, 1-102 
UDFG pathway in muscle, 1-98 
Ulcerative colitis, 2-117 
Ultrafiltration, renal, 5-4 
Ultrasound, measurement of blood 
pressure, 3-152 

Unidirectional vs net flux, 1-25 

Unit cell membrane, 1-3 

Umts of CHO metabolism, 7-112 ff 

Units of light, 8 66 

Unmyelinated fibers, 1-31 

Uphill vs downhill transport, 1-22 

Uracil, 1-142 

Urea 

conservation in ruminants, 5-34 
excretion during diuresis, 5 35 
in uremia, 5-46 
induces denaturation, 1-128 
renal excretion, 5-34 ff 
Urea clearance, 5-39 
Urea cycle, 1-153 
Urease m gastric juice, 2-38 
Uremia, 5-45, 46 
Ureogenesis and glucagon, 7 85 
Ureters, 5-48 ff 
Urethra, 5-49 
in micturition, 5-55 
Unc acid 

from degradation of purine, 1-151 
transport m kidney, 5-13 
Undme-5'-monophospbate, 1-143 
Undine ribonucleotide, 1-144 
Urmary bladder, 5-47 
physiological capacity, 5-53 
Urmary corticosteroids, 7-55 
Unnation, 5-54, 55 
Unne flow 
and osmolarity, 5-23 
and solute excretion, 5-23 
Unne formation, 5-1 ff 
abnormalities of, 5-38 ff 
acidification, 5-29 ff 
control of specific activity, 5-21 
hyper- vs hypotomcity, 5-20 ff 
summary of processes, 5-3 
urea excretion, 5-34 ff 
Unne tests, 5-38 ff 
Urobilm, 2-64 
Urobilmogen, 2-64 
Uropepsin, 2-37 
Uroporphyrms, 4-42 
Uterus, cycles m, 7-102 
Utricles, 8-44 . 

Uvula of cerebellum, 9-99 

Vagus nerve, 9-37 ff 
afferents affecting respiration, 6-48 
and control of respiration, 6-43 
and food intake, 2-4 
and reflex vasopressin release, 7-26 
autonomic outflow, 9-57 
control gastric secretion, 2-35 
control of hormone release, 2-16 
m swallowing, 2-96 
regulation of heart rate, 3-114 
respiration after vagotomy, 6-45 
taste fibers in, 8-126 



to digestive tract, 2-8 
to pancreas, 2-49 
Vagusstiiffe, 9-59 
Valve, ileocecal, 2 116 
van der Waal’s bond m protein, 
1-122 

Van Slyke-Neill manometnc appara- 
tus, 6-9 

Van Slyke volumetric apparatus, 6-9 
Vascular tissue, anatomy, 3-164, 165 
Vasoconstrictor fibers, 3-166 ft 
Vasodilator fibers, 3 170, 171 
Vasopressin (see also Antidiuretic hor 
mone, ADH) 

chemical structure of, 7-25 ff 
control of release of, 7 25 
neurosecretion of, 7-24 
therapy of diabetes insipidus, 7-28 
vasoconstrictor effects of, 3-172 
Veins, pressure pulse of, 3-198 
Velocity of ligbt, 8-63 
Velocity of sound, 8 10 
Venoms cause hemolysis, 4-60 
Venoms induce clotting, 4-82 
Venous return, affects pulmonary ven 
Illation, 6-49 

Ventilation (see under Alveolar, Pul- 
monary ventilation) 

Ventral nuclei of thalamus, 9-39 
Ventral root potentials, 9-11 
Ventral roots 
spinal, 9-23 
visceral fibers, 9 54 
Ventral spinocerebellar tract, 9-25 
Ventricles, heart 
anatomy, 3-25 

contraction, as determinant of venous 
blood pressure, 3-200 
contraction force-velocity, 3-93 ff 
conduction of impulse, 3-56 
emptying, patterns of, 3-99 ff 
equilibrium of left and right output, 
3-124 ff 

exercise effect on blood volume of, 
3-119 ff 

extrasystoles, 3-78 
fibrillation, 3-83 
pressure receptors, 3 186 
pressure- volume during cardiac cycle, 
3-105 

transmembrane potential, 3-48 
wall tension in contraction, 3-92 
weight, 3-26 

Vergence movement of eyes, 8-98 
Vermis of cerebellum, 9-43 
Vertigo, 8-59 
Vesicles 

embryonic brain, 9-21 
membrane-delimited, 1-8 
presynaptic, 1-62 
Vestibular efferent system, 8-25 
Vestibular function, 8-40 ff 
Vestibular nerve, 8-49 
cerebellar connections, 9-48 
innervation of receptors, 8-46 
Vestibular system 
classes of responding cells, 8-58 
control of eye movement, 8-98 
electrical potentials in, 8-57 
habituation m, 8-54 
psychophysical study, 8-50 


single units in bramstem, 8-58 
temporal characteristics, 8-53 
Vestibulocochlear nerve (VIII), 9-37 
Vestibulospinal tract, 9 27 
origin of, 8-49 
Villi, intestinal, 2-114 
Villikinm, 2-115 

Virilization in adrenal hyperplasia, 
7-67 

Visceral motor areas, cerebral cor- 
tex, 9-116 

Vis a tergo, pressure gradient in sys 
temic circulation, 3-200 
Visceral nerves, 9-54 
Visceral nervous system (see also Au- 
tonomic nervous system), 9-53 ff 
higher levels of control, 9-64 
Visceral pam, 2-11 ff 
Visceral reflexes to gut, 2-9 
Visceral sensations jfirom gut, 2-10 ff 
Viscosity of blood, and suspension sta- 
bility, 4-60 
Vision, 8-63 ff 

basic visual functions, 8-98 ff 
energy requirements for, 8-85 
photochemistry of, 8-81 ff 
Visual acuity, 8-106 
Visual cortex 

activity of single units, 8-93 
development of competence, 8-95 
Visual deprivation, 8-95 
Visual system 
anatomy of, 8-70 ff 
central pathways, 8 78 
lateralization of function, 9-120 
Visuosensory area, 9-111 
Vital capacity, 6-31 
at high altitude, 6-67 
Vitamin B, 2 , 2-94 

deficiency m pernicious anemia, 4-33 
prevents pernicious anemia, 4-37 
renal clearance of, 5-8 
Vitamm D, 7-42 ff 
question of renal action, 7-45 
Vitamins, absorption of, 2-93 
Vitreous humor, 8-72 
Voice, communication via, 8-29 
Voltage clamp tecbmque, 1-47 
Voluntary movement 
and basal ganglia, 9-100 
and cerebellum, 9-97 
as rhythmic mechanism, 9-103 
as signal generation, 9 16 
Vomiting, 2-14 

dehydration from, 4-116 
mechanisms of, 2 110 ff 
with intestinal obstruction, 2-116 
von Bbkesy audiogram, 8-37 
von Economo, Constantm, 9-104 

Wakefulness, humoral control, 9-142 
Wakmg state, 9-137 ff 
Wallenan degeneration of nerve fi- 
bers, 1-32 

Warm receptors, 8-153 
Water (see also Water movement) 
colhgative properties, 5-17 
distribution m body, 4-113 
free water clearance, 5-22 
heat loss m evaporation, 9-130 
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iceberg structure of, 1-123 
structure of molecules, 1-16 
Water balance, 4-114 ff 
control of, 9-125 

Water content of tissues, 4-114 
Water depletion ^ 

and epileptic seizures, 9-172 
causes, clinical features, 4 116 
Water intake 

and thirst sensation, 2-6 
and water balance, 4-114 
control mechanisms, 2-1 
Water intoxication, 4-117 
Water movement 
m gastric secretion, 2-41 
intestinal absorption, 2 84 
obligatory vs facultative reabsorp 
tion, 5-19 
osmosis, 1-27 

permeability coefficient, 1-26 
renal excretion, 5 17 ff 
trans membrane, 1-17 
Water output and balance, 4-114 
Water retention in starvation, 4-116 
Watson-Crick model of base pairs, 
1-152 

Watson-Crick model of DNA, 1-159 
Wave on basilar membrane, 8 14 
Wave theory of light, 8-63 
Wavelength and color vision, 8-91 
Wever-Bray phenomenon, 8-20 
White blood cells (see name of cell, 
Granulocytes) 

White muscle fibers, 1-109 
White vs. red muscle, 9 90 
biochemistry of, 7-112 
Wilson’s disease, 9-99 
ceruloplasmin deficiency, 4-6 
clinical descnption, 9-168 
Wobble hypothesis for codons, 1 177 
Wolf-Parlanson- White syndrome, 

3-77 

Wolffian duct, difierentiation, 7-92 
Work-induced growth, 7-147 
Work of breathing, 6-36 
Writing and speech, 9-148 

X chromosome, 1-137 
X-ray crystallography 
of DNA fibers, 1-159 
of nucleic acid crystals, 1-151 
X-ray diffraction 
of actin and myosin, 1-74 
of membranes, 1-3 
of peptide bond, 1-121 
Xanthme oxidase, 1-152 
Xanthmuria, 1-156 
Xerostomia, 2-30 

Y chromosome, 1-137 

Z line, myocardial sarcomere, 3 30 fl 
Zero gravity 
adaptation to, 8-54 
as test for vestibular function, 8-49 
Zinc in insulm sjmthesis, 7-77 
Zonula adherens, 1-14 
Zwittenons, amino acids, 1-119 
Zsmtogen granules, pancreatic, 2-54 





